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1Chapter One
Cation solvation studies in solution by NMR
1.1 Introduction
The association of solvent molecules with metal ions in solution
has intigued chemists for a very long time. The electrostatic models
proposed by Garrickl,2 and Bernal and Fowler3 gave the idea that
a small and definite number of solvent molecules participate in
the first solvation sphere of a metal cation in solution.
it has been demonstrated by solvent exchange and ligand sub-
stitutiwn studies4,5 that in most cases the solvated metal cations
is a molecular species.The exact composition of the first coord-
ination sphere of solvated metal ion is of considerable interest
and information concerning the nature of solvation of metal ion in
aqueous solution has long been sought by a variety of classical or
spectroscopic methods. Such information, when available, finds
wide application in the area of electrochemistry, particular in
conductance, diffusion, electromotive force, and transference
number measurements- in studies of complex formation in biological
systems and in the development of plausible mechanisms for many
ligand and-proton exchange processes.
1.2 Solution structure and its effects on NMR signals
The classical theoretical treatment6 for solution is based
upon two simple assumptions, namely, the mobility of the solute
particles, and solvent as an inert continuous medium that provides
a space for the motion of solute particles. In dilute solution,
solvent molecules are in large excess comparing to the solute
.and the intermolecular distance between the solute particle is
2large, therefore the thermodynamic properties- of the solution
system are independent of, the structure of the solution and the
size of the solute molecules. In concentrated solution the case
is different. For electrolyte solution the solvation of ions
generates two effects on the solution property. Firstly, the
solvation process decreases the amount of free solvent molecules,
enhances the affective volume d the ion, causing a drastic change
in static (e.g. activity coefficient) and dynamic (e.g. electric
conductivity) properties of the el.ectralyite. Secondly, the solv-
ation of the charged ion leads to a breakdown of solvent structure,
reorients the polar solvent molecules and changes the dielectric
constant in the -immediate. vicinity of the ion e
The term solvation includes the total effect produced by
introducing the ion to the solvent. Solvation shells are-most
often discussed in terms defined by Gurney as regions A., B, and
C. Region A is one of high order imposed by the influence of the
solute on nearby solvent molecules. Region C'is a region of
unaltered bulk solvent which exists, at least in dilute solution..
Region B is a disordered compromise region which is influenced
comparably by the forces exerted by the solute which produce
region A near the solute and the solvent-solvent forces which
produce regiorn C in the bulk far from the solute. Another
classification is derived from coordination chemistry and views
solvation shells as including a primary coordination sphere
(the nearest neighbors of a solute central atom), a secondary
coordination sphere (the encounter partners), and bulk solvent.
Correlating-the two approaches,. one sees that the primary coord-
ination sphere is an A-region. The bulk region beyond the second-
3ary coordination sphere is assumed to be C.
Nuclear magnetic resonance has been found to be a powerful
tool for the study of the properties of electrolyte solutions.
Since the resonance frequencies are determined by the electronic
environment surrounding a nucleus due to magnetic:screening
by the electron cloud, the effective magnetic field experienced
by a given nucleus is dependent upon the electron density..
associated with it, and hence directly affected by the nature
of the bonding withini the molecule. Change in electron density
causes the effective magnetic field to be altered, and shift
of resonance frequency is then-observed. An ion in solution
causes an external perturbation in electron density around
the solvent molecules by forming chemical bonds between the ion
and the solvent molecules ins p imary.. solvation shell, or by
electrostatic interaction in some particular fashion in the
secondary shell. Such'changes produced by ion causes the resonance
frequency of. the solvent shifts to a higher or lower magnetic
field relative to pure solvent signal. Much significant infor-
mation, i.e. effect of tons on the solvent structure, extent of
solvation, extent of solute-solvent interaction and solvation
number of the ions, can be obtained from the measurement of the
shifts.
In solution containing diamagnetic ions the observed shift
of the solvent is determined by the polarization effect----- a
combination-.of the ion size and charge. The degree of solvent
polarization measures the strength of the electrostatic inter-
action between solute and solvent. Structure-breaking or
4-making effects produced by the ion is another factor on the
resonance frequency shifts. In paramagnetic salt solution, the
interaction between the unpaired electron of.the ion with solvent
nuclei results in the contact shift.
Cation has a more pronounced effect on the shift of reson-
ance frequency of solvent than anion. Shoolery and Alder9 showed
that the ion in the aqueous solution causes the water solvent res-
onance frequency shifts by two ways, polarization of water molecules
and structure breaking of the water hydrogen-bond network. The
interaction between a cation and a water molecule through oxygen
atom produces .a shift in electron density away from the protons
leaving it less shielded by the electrons, therefore the resonance
occur at a lower magnetic field strength relative to pure water.
The attraction- of the proton of the water for the anion, causing
.the electron density around the hydrogen atom shift towards oxygen
atom owing to repulsion, also produce the same low field shift eff-
ect for the protorrrresonance. But the water proton might become
embedded in the electron cloud of the large anion thereby becoming
more shielded and resonating at a higher field relative to pure
water signal. Two effects for the anion case are opposing, causing a
lesser extent of shift produced by the anion. Structure-breaking
produces a higher field shift due to the increase electron density
around the proton as a result of hydrogen-bond weakening.
51.3 Determination of cation coordination number by NMR peak area
method
Asa result of the solution of EBloch's equations (which will
be discussed in chapter two), the areal intensity ('the intensity
measured by area under an absorption signal) of an absorption
line is proportional to the number of nuclei contributing to reson-
ance. At the slow passage condition, the maximum absorption peak
height, leau is expressed asi0:
where T is the absolute temperature, N is the number of nuclei
contributing to resonance, and K is the proportionality constartt.
The areal intensity can be obtained by integrating I
where R is the sweep rate(= dH/dt).
Under slow passage condition,-the accuracy of the integrals
as a measure of intensities, which depends on the linearity of
the sweep, suffers from the disadvantages of low integration accuracy
and time consuming for measurements. Therefore, the choice of
compromising sweep rate is necessary.
If the sweep rate is sufficiently large, the expression for
A + can be rewritten as
When
6Thus in scanning the NMR spectrum, the measured areal intensity
is smaller than the real areal intensity to an equal extent with
respect to each absorption signal.
The areal intensity of the absorption signal can be accurately
measured by electronic integrator. Thus under appropriate condit-
ions the exchange of the magnetic nuclei between two (or more)
different environmental sites, for example, the solvent molecules
complexed with the cation!in the first coordination sphere (primary
shell) and the bulk solvents, separated signals appear. Comparing
the integrated area of separated signals and the stoichiometric
cation to solvent mole ratio, the coordination number of the cation
can be obtained:
(Areal intensity of the complex peak) solvent
Coordination number




This direct peak integration method is applicable for the systems
containing small size, multicharge cation such as Al+3, Be +2 and
Ga+3 etc.
71.4 Review on cation solvation by NMR area method
The coordination number and solvation properties of metal
cations in water and aqueous solvent mixtures'have been determined
by isotopic dilutionll, ultraviolet spectroscopy12, and other
electrochemical and thermodynamical methods. The most direct and
precise method, however'q- -is the- c- pplication: of nuclear magnntic -,resonance
method. Since the nuclear magnetic resonance methods are vary
sensitive to the local electronic environment of a nucleus and
based on the fact that the interaction of a solvent molecule with
a cation in solution results in a pertubation of the electronic
environment and the relaxation times of the magnetically active
nuclei, e.g.-hydrogen and oxygen--17 nuclei.,. These NMR methods
fall essentially into three categories:
(a) Transverse relaxation time measurement 13-14
.(b) Chemical shift methods 15-19
(c) The direct peak area measurement.
.Although the former two methods are applicable to more diamag-
netic ion systems, the peak area measurement method is the one
with simplicity, reliability and unarnbiguityo
1.4.1 Oxygen-17 measurements
In aqueous solutions of some small, multicharged diamagnetic
ions and some paramagnetic ions, the exchange of water molecules
between the cation solvation shell and bulk solvent is slow enough
to permit the' direct observation, of separate oxygen-17 signals
for the two types of water molecules at room temperature or slightly
below. The application of oxygen-17 NMR to the study of ion solva-
tion was first carried out by Jackson, Lemons and Taube20 for
8aqueous solutions of (NH3)5Co(H20)+3, Al+3 Be+2 and Ga+3. Among
these four cations, the observation of separate resonance signals
was only possible in the case of (NH3)5co(H20)+3. As for the other5
three ions,only one water oxygen-17 signal could be detected.
This is due to the fact that the peaks were broad and with overlap
precluding their separate observation. By the addition of paramag-
netic Co+2 to these cationic solutions, the bulk water signal was
displaced far enough to permit the observation of the two water
signals. The reason for the addition of Co+2 cation is that ligand
L
exchange from the Co+2 solvation shell is much faster than from
the shells of A1+3, Be+2 and Ga+3, therefore, the bulk water mole-
+.2,4
cules are more affected by the presence of Co+2.
Although oxygen-17 NMR can be used to the study of ion solva-
tion, it suffers from the fact that the low isotopic abundance of
oxygen-17 in these enriched (1.7%) samples produces a low signal-
to-noise problem and prevents accurate area and coordination number
measurements. Connick and Fiat19,21-22 refined this method by
enriching the oxygen-l7 content to 10% and minimizin signal
broadening by introducing Co+2 ion which permitted easier integr-
ation of the corresponding peak areas. The coordination numbers
foraf+3 ,Be+2 and Ga+3 measured by this oxygen-17 NMR technique
were 6.0: 4.2 and 5.9 respectively with,a precision of about 3-4%19,21.
precision of about 3- 4%
1.4.2 Proton magnetic resonance studies of cation hydration.
Although the oxygen-17 NMR method is reliable and simple, it
is hampered by experimental disadvantages. This method is limited
by the need for special instrumentation and sample enrichment
9(at least oxygen-17 1-2/%) since the natural aboundance of oxygen--
17 is only 0.04%. Even with isotopic enrichment of the samples,
low signal-to-noise ratio poses severe experimental problems,
thus the accuracy is seriously affected. In addition, the number
of diamagnetic ions that can be studied has been limited. to Al+3,
Be +2 and Ga+3 19,21-22 and (cH3)3Pt +I and (NH 3)2 Pt +2 23
In view of the vast number and variety of research programs
dealing with aqueous solutions, it is obvious that quantitative
hydration studies of ions in such systems by direct proton magnetic
resonance methods would be very worthwhile. The direct proton
magnetic resonance method has proved to be well-suited for the
measurement of cation coordination nummber24-27. It includes all
the advantages in oxygen-l7 technique and avoids the disadvantages
listed above. Unfortunately, this proton magnetic resonance meas-
urements are hampered by the hydrolysis and rapid proton exchange
processes prevalent in aqueous solutions of diamagnetic cations
at 25°C. Kinetic studies of Ga +3 2B and Al +3 29-30 in water
indicated that the rate constant for proton exchange at 25°C was
approximately 105 sec-1 The corresponding separation between
the bulk and coordinated water if signals were to be observed for
Hz, a value that exceedsthem would have to be
the usual separations by a factor of about l02.. Although proton
exchange rate can be reduced by cooling aqueous solutions of speci-
fic cations to permit the observation of the bulk and coordinated
water signals, the high viscosity and sample freezing at low temp-
eratures causes line broadening and signal overlap, thereby preclud-
ing the observation and integration of distinct separate water
signals. Consequently, these kind of problems can be minimized
10
by the addition of an inert nonaqueous solvent, e.g. acetone, to
these aqueous solutions in order to decrease the vicosity and to
lower the freezing point of the solutions to'temperatures in the
range of --100°C. Furthermore, the rate of proton exchange are
also decreased and the presence of inert solvent can decrease the
hydrgoen bonding prevalent in bulk water and ra displacement of this
signaI to a higher field,] As a result there is an increase in sep-
aration between the signals of bulk and coordinated water molecules,
Hydration number and proton transfer between hydration aand
solvent water molecule in aqueous solution of aluminium chloride
have been studied by Frt tiello and Schuster 26 and Takahashi31 at
low temperature. Direct peak area integration yielded a value of
six for Al +3 coordination number in this system. The integration
accuracy was greatly improved in the aqueous acetone system due
to the more well-defined integration curve. Matwiyoff and Taube27
applied the'same method to determine the coordination number of
Mg+2 ion in.aqueous, aqueous acetone and alcoholic acetone systems.
A number of six, which was also found by Fratiello24, was obtained
for Mg+2. Hydration number for various diamagnetic cations such
as Al +3 Ga+3 In+3 Be+2 M +2 +3 Y+3 Th+4 32-33 Sn+4' U0 ±2
:,.. 2
.end Zn-rr2 34,36 9. etc, have been determined intaqueous acetone system,
In the case of Ga(C10 4)3 in aqueous acetone mixture 24, line width
of the complex peak is about twice that of the bulk water peak,
indicating a spin-spin or spin-quadrupole interaction. A constant
number of six was obtained for Ga(C104)3 over a wide concentration
range.
As shown by Fratiello24, there is no dependence of the cation
11
hydration number on anion or solvent composition. For example,
A1+3 is hydrated by six water molecules in, water and water acetone
mixtures, and in the presence of Clw, Br~,. NO 3 and C10 4. Similar
result has been obtained for other cations such as Ga+3, In+3 and Mg+
In all cases, the hydration values are essentially six for Al+3
Ga+3 In+3 and Mg+2. It should be noted that contact ion-pairing
is not occurring,since such a process would result in a displacement
of water molecules from the cation:solvation shell and a decrease
in the hydration number.
This proton magnetic resonance method also has been applied
to the study of the diamagnetic Sc+3, Y+3 and Th+4 ions32-330
The hydration number of 4, 2.5 and 3 for Sc+3, Y+3 and Th+4,respect-
ively,were obtained with solutions of these ions over a wide range
of salt and solvent compositions. In spite of the fact that the
chemistry of +3 and Y+ `3 is typical of lanthanide metal', and that
of Th+4 resembles actinide metal37, these ions all have inert gas
electron configurations and they are generally assumed to exhibit
much higher coordinations numbers. Since the solutions studied by
Fratiello were high in acetone content, and therefore of low
dielectric constant, and since the measurements were made at low
temperature, contact ion-pairing would be enhanced. It is resona-
ble that the low hydration numbers may be due to formation of
contact ion-pairing arising from low dielectric constant of the
medium and the low temperature measurements. For Sc+3 ion, it is
about the same size as Mg+2 and Ga+3 which have coordination,
number of six and both of them are diamagnetic with inert gas
12
electron configuration, therefore the chemistry of Sc+3 should be
similar to Mg+2 and Ga+3. It is resonable that the Sc+3 ion has
coordinations number of six, but as a result of contact ion-pairing,
a value of four is observede Detail proton magnetic resonance study
of these cations has revealed that hydrolysis influences. the meas
urements as well as ion-pairing33. When aqueous acetone solutions
of Sc(NO 3)3 were acidified to a 1:1 mole ratio of H+ to Sc+3 9 the
hydration number increased to a value of about 5.1, indicating the
hydrolysis such as
is occurring. Mostly likely, the coordination number of Sc+3 is
six, with ion-pairing accounting for the value of 5 obtained in
these acidified solutions. As for_ Th+4 in aqueous acetone perchlo--
rate solutions, acidified with HC104, the hydration number increased
from three which was obtained in aqueous acetone nitrate solutions
to a value of nine..
Hydration number, complex ion-pair formation and influence of
the first solvation shell by acid strength in the aqueous acetone
solution of uranyl(UO 2 +2) have been investigated by this proton
magnetic resonance method36. A number of four was obtained for
this cation, and in the presence of nitrate or halide, intensive
contact ion-pairing caused a reduction of hydration number from
four to zero. Bidentate complexing of the NO3 ligand in the
primary salvation shell was suggested.
Both hydrogen-1 and Sn-119 NMR study of aqueous acetone solu-
tion of Sn+4 has been carried out, giving an average hydration number of
13
about two in both C1~ and Br systems38. Similar techniques, hydro-
gen-1 and In-115 NMR has been applied to investigate the hydration
and complex formation phenomenon of indium halide solution in water
acetone mixture39a The results were interpreted in terms of indium'
hexahydrate and tetrahalide complexes, along with additional species
at higher concentration.
1.4.3 Cation solvation in aqueous solvent mixtures
Because of their use as electrochemical, kinetics and organic
reaction media, aqueous solvent mixtures represent a valuable area
of study. Proton magnetic resonance peak area studies of the sol--
vation of Al4-3 in aqueous dimethyl sulfoxide40 has shown that this
ion was solvated preferentially by water at-water mole fraction
0.80 and by dimethyl sulfoxide at water mole fraction= 0.75.
A total coordination number of six was observed over the water.-
dimethyl sulfoxide mole ratio range 1:55.- 8:38k From a number
of mixed solvation studies of Al+3, two categories of solvent
emerge 40-42 54
(a) Solvents which compete with water for coordination sites, e.g.
DMF, DMSO, acetonitrile, tetramethylene sulphoxide
(b) solvents which do not compete with water for coordination sites,
.e.g. acetone, tetrahydrofuran, dimethyl sulphate, dimethylsulphone,
tetramethylene sulphone, tetramethylurea and dioxane. In the cases
of sulphoxide, sulphone and sulphate solvents, it is reported41
that solvating ability is mainly dependent upon basicity such as
the more basic solvents DMS0 and tetramethylene sulphoxide compete
effectively with water. In addition there appears to be a steric
14
hindrance on solvation by tetramethylene sulphoxide. Solvation
ability does not appear to depend upon the solvent dipole moment.
Acetone ( (= 2.7 D), tetramethylurea( = 3.3 D), DMF( = 3.9 D.),
and DMSO( = 3.9 D) are highly polar, only the latter two can
compete with water for first coordination sphere of Al+3. Reduct-
ion of the H 20: Al±3 mole ratio to less than six enables acetone
2
and tetrahydrofuran41 to participate simultaneously with water in
the first coordination sphere of Al+3 Under similar conditions
+3 38
acetone can also coordinate to Ga
Both DM30 and DMF compete effectively with water for coordin-
ation sites on Ni+2 and Go +2 r but dioxane does not43. In aqueous
methanol solvent both Co(CH3 OH)5 (H 20)+2 and.Co(CH 3OH) (H 20)+2 have
3 5 2 3 4 2
been identified in solution 44. Studies of Mg +2 in aqueous methanol
has proved that both solvents appear simultaneously in the first
coordination sphere of Mg+2
1.4.4 Ion-pairing
One of -the most useful areas of research to which this proton
magnetic resonance may be applied is the study of ion-pairing in
aqueous electrolyte solutions. Although the solvent-separated
(outer-shell) and the contact (inner-shell) ion pairs generally
'considered in such solutions can be studied by proton magnetic
resonance, more quantitative results can be obtained in the latter
case. Solvent-separated ion-pairing is manifested only in perturb-
ations of the chemical shift of the solvent signals. Thus any
interpretations must involve the ambiguities that accompany such an
indirect approach. On the other hand, since the direct proton magnetic
15
resonance method permits a quantitative measure of the cation
hydration number, it provides an extremely sensitive approach to
the study of contact ion-pairing.
The method is based on the fact that the replacement of a
water molecule in the cati.on solvation shell will result in a
decrease in the measured hydration number. In aqueous solution,
perchlorate anion has a relatively low coordinating ability that
the .aqueous perchlorate solutions of the ions Al4+3 24,33, Be+2 18
Co +2 259 Cr +3 469 Ga+3 21, 23-24 In +3 24 and Th+ 4 33 show little
evidence for contact ion pair formation. However, time-dependent
changes of Cr(C10 4)3 solutions 47 in concentrated perchloric acid
and the broadening of the Cl-35 NMR in Mn(C10 4)2 solutions48 have
been interpreted in terms of perchlorate contact ion pair formation.
Aqueous GaC13 (2.42M) solutions show little sign of contact
ion-pairing. However, ion-pairing can be induced in solution of
the Ga+3 halides under suitable conditions of temperature and
dielectric constant, i.e. solvent composition. The addition of
acetone to aqueous gallium halide solutions causes a considerable
decrease from six in the value of hydration number for water as
deduced from proton magnetic resonance area measurements. Due
to the inert nature of acetone molecules, the decrease, observed
therefore must arise.. from contact ion-pairing. The low
temperature of study and the decreased dielectric constant as a
result of addition of acetone are conditions for enhancement of
ion-pairing. The observation of two Ga-69 NMR signals 38 in these
aqueous acetone solutions led to the postulation-of Ga(H20) +3
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and GaX4 as dominant species where X= Cl,. Br or I. The species
GaCl4 has also been shown to exist in concentrated hydrochloric-
acid media via Ga-71 NMR49 and in non-aqueous solvent systems by
PMR55, 55,56 and Ga-71 NMR56
In water acetone mixtures, Be+2 and In+3 ion-pair with halides
behave in much the same way as Ga+3. Both cis and trans-Be(H20)4012
have been suggested as possible explanations of the complexities of
the proton magnetic resonance signals arising from coordinated,
water in 0.25 M BeCl 2 solution24. In aqueous nitrate solutions,
the hydration numbers for Sc+3 and Th+4 are 5.1 and 2.9 respectively,
and have been interpreted in terms of nitrate contact ion-pair's33
The latter value should be contrasted with 9.1 observed in aqueous
perchlorate solutions of ThE4.
It is resonanle to assume that under suitable conditions of
dielectric constant, formation of contact ion--pairs is more pre-
valent. As a good example, two proton magnetic resonance studies SO-Sl
have given the coordination number values close to 1.5 for aceto-
nitrile in A1C13 solutions of concentrations close to 3 M. Al-27
NMR study51 showed that these two solutions exhibited two signals
with relative area 3:1 and the following scheme for the dissolution
of A1C1,, in acetonitrile was proposed
This is consistent with the observation of Raman lines due to
A1C1 52
4
Aqueous alumininum fluoride system was studied by Matwiyoff
and Wageman53 using H-1, F-19 and Al-27 NMR. The following scheme
with four contact ion-pairs was proposed-.
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where Kn is the equilibrium quotient at -15C. Separate F-19
signals were observed for each of the fluoro contact ion-pairs,,
but only one proton signal observed for the coordinated water due
to the small chemical shifts for coordinated water in such, species-.
However, area measurements were consistent with the hexacoordinated
species formulated in the above scheme.
1.5 Application of NMR in kinetics studies of dynamic systems
The hydration complexes formed by cations usually undergo
rapid exchange processes between molecules of the bulk solvent
and of the hydration complex at room temperature. As a result of
rapid proton or water exchange, only one water proton signal in
aqueous system is observed. Rapid exchange at high temperature
leads to a complete collapse to a,sharp exchange-narrowed
signal centered at an average frequency of two different envir-
onment sites, i.e. the water molecule in the primary shell.that
complexed with the cation and the free bulk water. The dependence
of the line-shape on the exchange rate of the jumping spin can
be satisfactorily predicted by the modified Bloch's equations
which will be discussed later. It is found that the sharp
exchange-narrowed line of high exchange rate broadens to a flat-
topped line at a slower exchange rate. If the exchange rate can
be slowed down sufficiently by lowering the temperature or other
means, sharp separated signals for the solvent at different envir-
onment can be observed. Fig. 4.3 shows the variation of water
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proton signals arising from the water hydration in the Be(N03)2-
aqueous-acetone solution with mole ratio 1: 26.11 6.50
respectively as a function of temperature. Note that-only one
signal is observed at 3°C. At sufficient low temperature( -620C),,
well-separated complexed and bulk water proton signal appear and
the measurement of shifts, intensities and other parameter is
feasible..,
The rate of exchange for the alkali metal salt solutions
generally are too fast for Nq'MR to be able to see separate signals
for bulk and coordinated solvents,, but for the smaller highly
charged ions such as Bet and Alk3, the rates of exchange are
much slower and the technique has made considerable contributions
to the studies of solvent or proton exchange processes.
Large amount of data has been obtained for the aluminium (III)
ion. H-l, 0-17 and Al-27 NMR have beerxu used for the solvation
studies and kinetics studies of rates of exchange of hydration water
of A1+3 in pure aqueous and aqueous solvent mixtures'. Due to the
extensive hydrolysis of the ion:
the water oxygen and proton exchange may resonably be assumed to
proceed at different rates.so that H-1 and 0-17 NMR might give
different results.
When the 0-17 NMR is observed, only a single line can be obtained,
If a paramagnetic salt is added with a cation having a short--lived
hydration complex, then the bulk water all rapidly comes under the
influence of the paramagnetic ion and its unpaired electrons and
suffers an average contact shift, whereas water bound to Al+3 does
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not. so that separate bulk and coordinated water signals can then
be observed as shown in-'Fia. 1.1.
The kinetic parameters for water exchange can be obtained by
line-shape analysis at different temperature. The kinetic para-
meters of water exchange for aqueous aluminum (III) system22 were
obtained to be:
rate constant k
The positive activation entropy indicates that the water exchanges
via a dissociate SN1 mechanism.
The proton resonance of AlCI„ solution is also a singlet at
room temperature. However, low temperature studies permit- the
observation-,of the.bulk and coordinated water proton signals, as
shown in Fig. 1.2. Variable temperature experiments enable the
rate constant .for proton exchange found by line-shape analysis
to be k H 105 sec-l at 25°C. Thus the exchange rates of water
molecule and water proton differ by several orders of magnitude..
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1..6 Object of research
Non-transition metal ion complex formation in solution has
not advanced as rapidly as the analogous area of transition metal
chemistry due largely.to the lack of d-d electronic transitions
and hence the restricted applicability of spectrophotometric
techniques. The. complete and quantitative determination of the
composition of the first coordination sphere with respect to
both solvent and other ligands by NMR methods, as exemplified by
the above brief review, clearly shows the high validity of this
method and the vast development of the experimental technique.
Following the approaches of these experiments, we concentrated in
our reaseach'project on the study of solvation properties and
kinetic studies of multi-charged small cations, i.e. Ga+3 and Be+2
in mixed solvent systems, especially in crater-DMSO-acetone and





Fig. 1.1 0--17 spectra of aqueous A1C13 with added Co +2.
s represents the resonance due to solvation water
S
-47°C
Fig. 1.2 H-l spectrum of concentrated (3M) aqueous AlCl3
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2.1 Some basic theories of nuclear magnetic' resonance spectroscop,
2.1.1 The nucleus in a magnetic field
Spinning nuclei with angular momentum and magnetic moment
in a magnetic field Ho can take up 2I+l orientations in the field,
each one at a particular angle to the field direction and associated
with a different potential energy. The vector quantities of angular
momentum and magnetic moment are collinear and have the following
relationship:
(2.1)
where) is the gyromagnetic constant, I denotes the nuclear
angular momentum measured in units of . The energy. E of a nucleus
of magnetic moment in field H0 is
(2.2)
where z is the component of. in the field direction, z is the
f
component of angular momentum in the field direction. As a conseq-
uence of quantization of nuclear angular momentum, the allowed
values of Iz are mI= I, I-1,........., -I, thus
Consider a nucleus with I= 1/2 (e.g. hydrogen nucleus),. the
possible values of mI are +1/2 and -1/2, hence the two possible
values of E are± 1/2 ) H0. These are termed nuclear Zeeman
energies Fig. 2.1).
Similar to other spectral phenomena, the presence of a series
of states of differing energy in an atomic system provides a sit-
uation where interaction can take place with electromagnetic rad-
iation of the correct frequency and cause transitions between the
energy states. Therefore, transition between the two Zeeman levels
can be induced by an electromagnetic field of frequency 0, corres-
ponding to a photon energy o matches the energy level searation
E, then
(2.3)
This is the fundamental condition for nuclear magnetic absorp-
tion. For proton the value of is 2.68 * 10 4 sec-1gauss -1. IP
a static magnetic field of 14 Kgauss is applied, the correct freq-
uency for resonance will be 60 MHz.
2.1.2 The source of the NMR signal
Since the nuclei in each of the states are in equilibrium and
distribute among the spin states described- by the Boltzman dis-
tribution that more nuclei reside in the lowest energy states is
expected. For a system of spin 1/2 nuclei, the Boltzman distribut-
ion would give:
where N-1/2 and N+1/2 are the populations or the higher and lower
energy states respectively, E is the energy separation, k is the





Owing to the low frequency of nuclear magnetic resonance absorp-
tion the energy separation of the spin states is quite small.
This implies that the population difference between the spin states
is quite small, so that
therefore, equation (2.5) can be simplified to
(2.6)
For hydrogen nuclei in a field of 14 KG, the population, difference,
N, is
It will be noted that, the population difference N is pro-
portional to Ho. The magnetic effect of the nuclei and the inten-
sity of their NMR signal increase. as the strength of the magnetic
effect is increased.
For an assembly of nuclei with I=1/2 spin in a magnetic field
Ho, the magnet dipoles associated with the spinning nuclei will
precess around the magnetic field axis which is made the z-axis
with frequency = as shown in Fig.2.2.
Since the nuclear spins all have components along the z-axis,
they add to give net magnetization Mz along the z-axis. Each nuc-
leus also has. a component xy transverse to the field axis in
the xy plane. However, because they are arranged evenly around
the z-axis, these components all average to zero, i.e. Mx=My =0.
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The magnetism of the system arising from Mz is static and usually
undetectable. In order to detect a nuclear resonance, a rotating
oscillating magnetic field H1 is applied perpendicular to the z-
axis with frequency Ho/2 , as shown in Fig. 2.3.
The magnetic field H1 is rotating in the same sense as the
nuclei is stationary relative to them, the nuclei thus tend to
precess around H1 also and the precession cone axis is displaced
from the main field axis. The nuclear moments do not all have the
same component in the xy plane so that there is a resultant mag-
netization Mxy transverse to the main field and rotating at-the
nuclear precession frequency. Therefore, as a result the magnet-
ism of the system is no longer static and the rotating Mxy will
induce a radio frequency current in a coil C placed around the
sample. The output from the coil C is thus the nuclear resonance
signal.
2.1.3 The basic structure of a NMR. spectrometer
In practical use, measurement of the position of a nuclear
resonance can be done by observing with either a fixed field Ho
and sweeping the frequency of Hl or by using a fixed Hl frequency
and sweeping the field or varying both H1 frequency and the field.
Fig. 2.4 is the simplest block diagram of the NMR spectrometer
(JEOL C--60 HL) which was used throughout our studies. The instru-
ment comprises a strong highly stable magnet in whose gap the
sample is placed and surrounded by the modulation coils A and B
and the receiver coils C. The magnet is an electromagnet and the
high stability of the magnet can be acheived from the following
case:
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(I) Placing the magnet in an isothermal enclosure whose temperature
is controlled so as not to drift more than 10-4 degree per hour.
(2) The magnet energising coils are fed from a highly stable power
supply which detects field variations in an auxiliary coil and
makes the required current corrections.
Since the field in the gap inevitably varies throughout the
sample volume and the signal is broadened, a set of small coils called
shim coils( which is not shown in Fig. 2.4) is placed around the
sample in order to counteract these variations and render the field
homogeneous. Furthermore, very narrow signals and excellent reso-
lution of the resonances can be obtained by spinning the sample
tube about its vertical axis so as to let the sample molecule exp-
erience average fields. As for the Hl field, it is generated by
a stable transmitter. The resonance signal is amplified and detec-
ted by a detector. 'The output of the resonance signal containing both
amplitude and phase information is fed to a recorder and the spec-
trum is developed by sweeping simultaneously the recorder x-axis
and either field or frequency.
2.1.4 The Bloch equations and its steady state solution
The behaviour of a collection of nuclei in an applied magnetic
field is described by Bloch equation1, which is an equation of mot-
ion of the bulk magnetization. The time derivative of angular




If we write the macroscopic nuclear monotization M.
then
In a static field H= Ho at thermal equilibrium only the component
along the field direction exists:
where is the volume magnetic o susceptibility.
When under the disturbance of another rotating field H 1 which
is perpendicular to the external field, the component along the
field direction, MZ, will depart from the equilibrium value M0
and approaches to M, at a rate governed by
(2.7)
where T1 is the time for which the equilibrium value is reached
and is called the longitudinal time or the spin-lattice relaxation
time. The latter term in equation (2.7) arises from interaction
with the other degree of freedom or lattice except the interaction





where T2 is called the transverse relaxation time or the spin-spin
relaxation time which relates to the decay of the transverse comp-
onents Mx and My to the thermal equilibrium value, zero.
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Equations (2.7), (2.B) and (2.9) are called Bloch's equations
and cam be combined together to form the following expression:
(2,10)
The Bloch equation consists of two parts, the first describing
the processional motion of the magnetization and the second describ-
ing the relaxation to its value at thermal equilibrium.
Transformation of the Bloch equation from rectangular coord-
inate.-, system to a rotating system that rotates about the z-axis
at the frequency of the radiation field leads to the following
equations:-
(2.11)
where u and v are the two magnetizations in the rotating coordinate
system; Wo=YHo and Y is the magnetogyric ratio of the spin;
o .o
H1 is the amplitude of the radiation field.
When the radiation field is kept small, the M is very much
near M' at all times, and M is quite small.. Defining the complex
o xy,
magnetization G by G= u+ iv, so that
then from equation (2.11).
(2.12)
where
The solution of equation (2.12) is given by
(2.13)
where Go is the xy magnetization the instant before the Hl field
is turned on and W1= Y.H1
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Equation (2.13) consists of a transient part and a steady part.
The term e simply represents a damped oscillation of angular
frequency( ) and rate constant T2-1.
The steady state value of G may be obtained from equation (2.12)
by putting dG/dt= 0,
(2.14)
Under slow passage condition, i.e. H0 changes sufficiently
slowly (slowly with respect to TG), G will always be closed to
its steady state value given by equation (2.14).
Since the complex impedance of the magnetic resonance receiver
coil is directly protional to G, the normal absorption and disper-
sion signals are simply proportional to the imaginary and real
component of G respectively. Thus, from equation(2.14)
(2.15)
(2,16
2.1.5 The relaxation processes
All rate processes that enter magnetic resonance do so through
spin-spin and spin-lattice relaxation processes. In fact, there
is a clear division between kinetic. techniques based on pure T2
processes and those which involve T1 processes.
Bloch equations1 have shown that the two relaxations time
play quite distinct roles. The spin-lattice relaxation time T1
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determines the.degree of saturation and the spin-spin relaxation
T2 determines the unsaturated line-width. Both kinds of relaxation
are caused by time dependent magnetic or electric field at the spin
and these fields in turn arise from the random thermal motions which
are present in any form of the matter.
The magnetization along the external field, Mz, can change
according to the change of spin of some dipoles. This can be
accomplished by an exchange of energy with the neighbour lattice
except the interaction with magnetic field. Therefore the exchange
of energy is accomplished by lattice-induced transition between
spin levels. T1 is the time which characterizes this relaxation
process and serves as a measure of the rate with which the spin
system comes into equilibrium with its environments.
The loss of phase coherence of the magnetization Mx and My
to decay to zero is characterized by the spin-spin relaxation
time T2. In this relaxation process, spins in'the upper state
transfer its energy to the same kind of neighbouring spins by
mutual exchange of spin so that there is no change of magnetic
energy of the spin system.
The relaxation processes have the effect to dephase the spins,
and the transition between spin states is induced by the rotating
magnetic field His The resonance signal is the result of the
above two opposing effect that cause the absorption of energy to take
place over a range of frequencies, giving the NMR line a finite width
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which is related in simple way to the value of T2. This relatior
can be derived from the sblution of Bloch equation when the radia-
tion field is kept small:
Since the absorption signal is proportional to the imaginary
component of G, i.e. v, equation (2.16) can be rearranged as:
(2.17)
The signal is thus proportional to H1 if H1 is small or
relaxation is fast. The line-shape predicted by equation (2.17)
is Lorenzian and if we define line-width as the width at half-
intensity then the half intensity points occur when
i.e. when
or (2.18)
therefore, T2-1 is a measure of the line-width. The separation
of the half-intensity points is then twice this in radians. It
is however more useful to express line-widths in Hz giving
where 1/2 represents the frequency separation of the half-height
points.
2.2 Chemical exchange processes by NMR line-shape analysis
Chemical processes can give rise to magnetic resonance line
broadening if they change the magnetic surrounding of the spin.
Under slow exchange condition, magnetic resonance lines correspond-
ing to different distinct species can be observed. However, as the
rate increases, the resonance lines broaden and finally coalesce
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and only one single line can be observed.
The physical basis of line-width analysis-in magnetic reson-
ance was first discussed by Bloembergen, Purcell and Pound 2 In
the period 1950 to 1960, the modified Bloch equation3, the relax-
ation matrix theory4, the density matrix theory5, and the stochastic
theory6 were suggested in analyzing the line-width phenomena of
magnetic resonance spectra..
Among the four treatments, the modified Bloch equation is
most convenient in analyzing. line-width phenomena caused by reac-
tion processes. It is applicable to a wide variety of processes
over the entire range of rates, from slow to fast exchange limits.
Although this treatment is classical, in most cases, it gives
exactly the same results as those obtained by the more sophisticated
theories,.such as the density matrix formalism.
The relaxation matrix theory is particularly useful in explain-
ing the line-width phenomena associated with molecular motion.
Although the treatment is more sophisticated, its use in kinetic
problem is narrowed due to the fact that this theory is limited
and applicable only to the fast exchange region.
Because--of its convenience and wide applicability in analyzing
line-width and line shape caused by chemical reaction processes,
the modified Bloch equation can be used as a general model and the
basic features of this theory are discussed.
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2.2.1 Modification of the Bloch equation -- The modified Bloch
equation
The above discussions in section 2.16.4 only consider a single
chemically distinct type of spin and the Bloch equation does not
involve chemical exchange processes. Fora solution of methanol
and water, for example, in which there are three chemically distinct
types of protons each with its own characteristic value of o.
Rapid exchange between hydorxyl protons and water protons provides
a rapid modulation of the nuclear precession frequency and thus
an efficient source of T2 relaxation for both hydroxyl and water
protons. As for the methyl protons of methanol, this possibility
does not exist and they yield a signal of the form of equation (2.16).
Consider the two nonequivalent sites case, if no exchange of
spins occurs between A and B sites, there will be two independent




When exchange occurs between A and B positions, these equations
must be modified. McConnell 7 modified by adding terms which allows




McConnell modified. the Bloch equation under the following
assumptions:
1. All spins remain in one position when they make a sudden rapid
jump to another.
2. Spin precession during the jump is geglected.
3. Spin exchange between positions of the same type has no
effect.
Equations (2.21) and (2.22) reveal that when a spin
is in an A position, there is a constant probability per unit
time of its making a jump to a B position. is then the mean
life-time for a stay on A sites. The same definitions apply for
the spins in B position. The fractional populations of A and B
sites pA and pb are related to and by
The term -1GB in equation (2..21) represents the rate of
increase of GA due to transfer of magnetization from B to A sites,.
and is the corresponding rate of loss.
Underslowpassagecondition,the solutionof equations(2.21) and(2.22) caneasilybeobtained.byputtingdGA/dt anddGB/dt=0.
The total complex moment can then be obtained from the solution of
equations (2.21) and (2.22) and is coven by
( 2.23)
Equation (2.23) was first obtained by Gutoswsky8, McCall and
Slichter using a more complicated argument. The u and v signals
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are obtained as the real and imaginary components from equation
(2.23). It is very instructive to consider the form of v for
a few limiting cases:
(a) Very slow exchangeq
In this case, equation (2.23) can be reduced easily to
(2.24)
and the expression for v is
(2.25)
which is just the sum of two signals of the form of equation (2.16)
weighted by the factors PA and pB. The spectrum will consist of
distinct signals in the vicinity of the frequencies and
OA ob
Under the condition pA= pB and T2A= T2Bs, the spectrum is repres-
ented as Fig. 2.5a.
(b) The exchange rate increase such that
with and T2A-1 comparable and also r and T28 compar-
able.
In this case, the expression for v is
(2.26)
The only difference between equation (2.25) and(2,26) is in
the half-linewidth ot half absorption meximum of each signal.the
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line-width has been increased by a "lifetime" factor or "chemical
exchange" factor in each case in equation (2.26). The spectrum in
this case is of the form of rig. 2, 5b.
(c) Very fast exchange,
In this case, the expression for v is
(2.27
which is also of the form of equation (2.16J and represents a
resonance signal centered on a mean frequency
mean
The half -line-width at half maximum is the Weighted average of the
individual
(2.28)
The spectrum is of the form of Fig. 2.5e.
and the limit
has not yet been reached.
In this case, the signal is also located at the weighted aver-
age position and the signal will appear to have larger width than
cziven by eauation (2.28) and is given by
Experimentally, this effect may lead to a transverse relaxation time
T2 which is appreciably shorter than the longitudinal time Ti..
in this case, the spectrum is of the form of Fig. 2.5d'.
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(e) Intermediate rate of exchange
In this case, the v expression is very complicated and not
particular instructive. The transition.from a spectrum of two
signals to one signal occurs when A and B are of the order of
The spectrum is of the form of Fig. 2.5c.
oA oB
GUtowsky and Holm9 give the v expression in the following
form when T2A= T2B
(2,29)
where
Swift and Connick10 extended the McConnell's treatment further
to a three-component system A,B and C with species being much more





where AB is the lifetime for the exchange of the spins from the
A to the B environment, and A= T2A-l+ AB-1 + AC-l.
T2A is the transverse relaxation time in the A environment and
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Solving the three simultaneous equations (2.30), (2.31) and
(2.32) for GA yields
From the condition that A species being much more abundant
than B or C, i.e. [A][B] or [C], the following results can he
obtained:
These inequilities together vvith the relationship
lead to an approximatiom
(2.34)
(b) The total complex moment G(= GA+ Ga+ GC) is given to a very
good approximation by GA, i.e. G= GA, such that equation (2.34)
may be rearranged as
(2,35)
If exchange between A-B and A-C is allowed, all the terms
containing BC and CB in equation (2.35) disappear,
(2.36)
from which the v expression so obtained is
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(2.37)
v will have its maximum value at the frequency where the 2nd term
in the denominator equals to zero and the half-width at height
maximum is given by
(2.38)
For solution containing water and one type of cation, equation
(2.38) yields the following result:
(2.39)
where T2p-1=T2-1-T2A-1, AB and BA are abbreviated to H20
and M.Equation (2.39) involves two relaxation mechanisms, the
T2M and WM mechanisms.
Consider the following limiting cases for equation (2.39):
(2.40)
Relaxation occurs through a change in the processional fre-
quency and is rapid T2-l is controlled by the rate of chemical
exchange.
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In this case, the spectrum has two well-resolved signals as
in Fig. 2.6b.
(2.41)
Relaxation by T2M is fast; T2P-1 is controlled by the rate
of chemical exchange. The spectrum of this case is basically the
same as in Fig. 2.6b.
(2.42)
Chemical exchange is rapid. T2p is controlled by the rate
of relaxation through the change in the precessional frequency.
The signal is located at the weighted average position and
narrows sharply with increasing temperature. Rate information
can be obtained from this case by a combination of broadening
and shift information, but is neither as reliable nor as precise
as from limits (a) and (b). The spectrum that corresponds.
is Fig. 2.6d.
(2.43)
Chemical exchange is rapid; T2p is controlled by the T2M
relaxation process. The spectrum that corresponds is Fig. 2.6e.
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2.2.2 Chemical exchange rate by line-shape analysis
Chemical exchange rate can be determined from high resoltuion
NMR using computerized, complete line-shape fitting method which
includes nll the spectral complications based on the modified Bloch
equations. Plots are obtained for a series of exchange rate, line-
widths and shapes of the peaks and compared with the experimental
spectra to give the best fit.
Although the modified Bloch treatment is classical and lacking
in rigor, it is most convenient for the analysis of line-broadening
phenomena caused by reaction processes and is applicable to a
wide variety of processes from slow to fast exchange limits. In
most cases, it can yield exactly the same results as those obtained
by other rigorous theories such as the relaxation matrix theory and
the density matrix theory. A simpler model proposed by Swift and
Connick10 is to consider the limiting cases of the temperature effect
discussed in section 2.2.1. These. limiting four cases indicate
that by observing the line-width variation of the bulk aqueous
solver:t signal as a function of temperature, value can be
related to the. transition state theory as:
where H* and s* are the enthalpy and the entropy of activation
k is the rate constant for the pseudo-first-order exchange reaction
R, N and h are the gas constant, Avogadro's number and Planck's const-
tant, respectively. Therefore kinetic parameters can be determined
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Fig. 2.3 If a rotating magnetic field H1 with the same angular
velocity as the nuclei is now added to the system, the nuclei tend
to precess around H1 and this causes the cone of vectors to tip
and wobble at the nuclear precession frequency. The resulting
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Fig. 2.5 Shapes of steady-steady NMR
signals for exchange between two sites
of equal populations as a function of
exchange rate: (a) no exchange effects;
(b) life-time broadening observed,
peaks broaden rapidly with increasing
temperature; (c) coalescence point
(d) peak sharpens with increasing









Fig. 2.6 Shapes of steady-state NMR
signals for exchange between two sites
of different populations. The lower-
case labels indicate spectra corres-
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Solvation and kinetics studies of Ga(III) (gallium
chloride) in water-dimethyl sulfoxide-acetone systems
3.1 Introduction
3.1.1 Aqueous chemistry of gallium cation
Gallium ion is a trivalent cation with an ionic radius of
0.62 A l. Being the congener of aluminium, the chemical propertie
of gallium is similar to that of aluminium. The similarity in
chemical properties is due to the fact that their-sizes are
approximately equal. The gallium. cation has,. a. ploarizing power
of 7.8_(9.23 for aluminium cation).* Like aluminium cation,
it can exert a marked effect on the properties of neighbouring
solvent mblecules,
Gallium forms well-defined octahedral aquo ion, Ga(H20)6 +3.
In perchlorate solution, the aquo ion appears to be the main
species. In aqueous solution, the octahedral aquo ion is quite
acidic. For the reaction,
the equilibrium constant, Ka, for this reactiorn is 2.5 x 10-3 2
which shows that aqueous solutions of the Ga+3 salts are subject
to extensive hydrolysis. The hydrolysis process proceeds exceed-
ingly slowly at 25°C and gives only white crystalline GaOOH3.
3.1.2 Acetone, dimethyl sulfoxide and the solution structure of
the aqueous-DMSO mixture
Acetone is a colorless, non-toxic liquid with boiling point
56.2°C and freezing point -95.4°C. The dipole moment of pure
acetone is 2.85 debye, the dielectric constant is 21.4 and the
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viscosity at 30°C is 0.295 centipoise. Acetone is completely
miscible with water and is usually used as a diluent for the
system to acquire lower temperature.
Dimethyl sulfoxide is also a colorless liquid with boiling
point 189°C and freezing point 18.5°C. It is strongly hygroscopic
and completely miscible with water with large amount of heat evo-
lution. The dipole moment of the pure dimethyl sulfoxide is
4.03 debye and the dielectric constant is 46.4. The sulfur-
oxygen double bond linkage is mainly covalent in character with
a minor portion of polar coordinated single bond character that
enables the sulfoxide to act as a strong proton accepter. The
basicity of dimethyl sulfoxide is much stronger than that of ace-
tone. An estimate of ionic concentration in 1:1 mixture with
water shows the OH- is 0.8 x 10-10 in acetone and 4 x 10-4 in
dimethyl sulfoxide4. The basic strength of the dimethyl'sulfoxide
is comparable to water.
It is of importance that the solution structure of solution
medium will have a decisive influence on the kinetic behaviour
of cation solvation in this medium. The effect of dimethyl sul-
foxide on the water structure was investigated by neutron inelas-
tic scattering studies6. At low concentration of DMSO, the weak
DMSO-water interactions cause a small and cooperative pertubation
in the orientation of the bonded water molecules. The hydrogen
bonds in water network will not be broken, and the presence of
DMSO causes a "rigidifying" effect on the solution structure.
At high DMSO concentration the situation is different. Water
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structure is broken down by the increased formation of hydrogen
bonded DMSO-water complexes. There is a greater degree of asso-
ciation in DM60-water solvent than in pure solvent and the
-OH.....0-S hydrogen bond is stronger than the -0...,...H-0
7hydrogen The viscosity,density, heat of mixing8 andbond
other thermodynamic parameters all exhibit maximum values in the
concentration range of 0.3- 0.4 mole fraction of DMS0, indicating
the formation of 1-2. DMSO-H20 complex.
3.1.3 The necessity of study in mixed aqueous acetone systems
The study of solvation phenomenon in aqueous systems by NMR
method is seriously obstructed by the overlapping of the very
broad "complex" and "bulk" signals and the freezing problem of
the solution at low temperature. In aqueous organic solvent
systems, for example the aqueous acetone system, the presence
of acetone makes the study feasible. The presence of acetone
contributes at least three advantages:
(1) Decreases the hydrogen bonding in bulk water, causing the bulk
water signal shifts to high magnetic field. As a result, the
complexed and the bulk water signals are much sharper and
further apart.
(2) Permits the attainment of much lower temperature for study,
for example, highly concentrated aqueous solution of Mg(ii)
freezes at about -60°C, the lower temperatures (-80°C to
-90°C) needed to slow down the proton exchange rate to permit
observation of bulk.and complexed signals are readily achieved
in water acetone mixture 9
(3) Lners the viscosity of the solution medium, slows down the
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proton exchange further.
It has been shown by Fratiello et al10 that no.complexed
acetone signal is observed if there is enough amount of water
molecules to form solvation sphere. Fratiello and Schuster
proposed three possibilities for the explanation ll. First, if
the exchange of acetone molecules between the two environments
is very fast, only an average resonance signal will result.
Second, the separation of the bulk and complexed acetone signals
may be too small to permit signal resolution. Finally, acetone
molecule may not solvate the cation to any appreciable amount
in the presence of water. The participation of water molecules
in the first solvation' shell of Al+3 ion was found to be 6 by
12
and .oxygen-17 NMR method13. Consideringisotopic dilution,
the value of 6 found for contrubution of water molecules to the
solvation shell of the Ali 3 ion in aqueous-acetone mixtures
that the last possibility is more likely.
The inability of acetone to compete with water in the prim-
ary solvation shell of the cation may be due to the lower coord-
inating ability, which is in parallel with the relatively weaker
basicity of acetone. Thus, the acetone in mixed solvent systems
plays a role as an inert diluent which casts a kinetic effect
and does not take part in the solvation process.
3.1.4 Cation hydration number of Ga(III) and NMR studies for Ga(III)
Cation coordination number of gallium (III) in water9' 13,14
aqueous solvent mixture9 and organic. solvents44 ,45 has been determined
by the use of nuclear magnetic resonance technique. The value of six
for the Ga III coordination number was obtained in these systems.
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In aqueous system of Ga(III), oxygen-17 magnetic resonance study
of the hydration of Ga+3 ion directly proved the existence of
hexahydrated gallium ions Ga(H20)6+3 in aqueous solution14-15.
In DMF solution16, proton magnetic resonance showed that 6 mole-
cules of DMF were bounded to the gallium(III) cation. In the
case of Ga(C104)3 in aqueous acetone mixture9, proton magnetic
resonance showed that the linevidth of the complex peak was about
twice of the bulk water peak, indicating a spin-spin or spin-
quadrupole interaction. A constant number of six was obtained
for Ga(C104)3 over a wide concentration range. On the other hand,
in the case of GaCl 3 in aqueous acetone systmes17-19 and in non-aqueous
solvent systems44-46,contact ion pair formation was involved. The
cation hydration number was markedly dependent upon the dielectric
constant of the solution medium and evidences of the presence of
both octahedrally and tetrahderally complexed cations were gathered.
The low hydration number obtained by Fratiello et al18 at high halide to
cation mole ratio and Ga-69 magnetic resonance19 indicated that the
dominant species in this system were GaC14 and Ga(H20)6+3
The existence of the tetrachlorogallate anion GaC14 in concent-
rated hydrochloric acid was also found by Raman spectroscopy20
and Ga-71 magnetic resonance studies21. There was a slow equil-
ibrium between the hexahydrated Ga+3 and the tetrachlorogallate
with the GaCln(H2O)6-n+(3-n) being the intermediate in the conc-
entrated hydrochloric acid:
Line width measurements 22,showed that the activation enthalpy
for exchange between coordination sphere and bulk solvent phase
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was 6.3 Kcal/mol. and was much smaller than the value for alumin-
ium ion, A large negative entropy of -22 e.u. indicated a
possibility of the formation of heptacoordinated intermediate
during water exchange process.
Although the contact ion-pairing property of the gallium ion
in aqueous acetone solutions is evident, the species in these
systems cannot be identified quite unambiguously. The present
research is a work on the kinetics of proton transfer in the
aqueous-DMSO-acetone systems utilizing proton magnetic resonance
technique as a probe to obtain more information on this aspect.
3.2 Experimental
3.2.1 Materials
Deionized water was doubly distilled until the resulting
liquid has a specific conductivity in a range of 10-5 ohm-l m
or less. Dimethyl sulfoxide of best commercial grade (Merck,
for spectroscopy, minimum 99.7%) was stirred in'a closed vessel
over powdered calcium hydride for two days and distilled under
reduced pressure (about 20 mm Hg at 90°C). The first-and the.
last 16% portions of the distillate were discarded. The dimethyl
sulfoxide so collected was checked. by NMR at large output amplitude
to ensure there was no other impurity present in dimethyl sulfo-
xide (essentially to detect for water since DM30 is hygroscopic).
The collected DMS0 was sealed in a flask and kept from contact
with air. Acetone of best commercial grade (Merck, for spectro-
scopy, minimum 99.7% guaranteed) was used without further purif-
ication. Anhydrous gallium chloride (Fluka, minimum 99.99%) was
used to prepare the GaCl3 stock solution.
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3.2.2 Sample preparation
The anhydrous gallium chloride was used to prepare the GaC13
solution with deionized water. The aqueous gallium chloride sol-
ution was analysed by the Volhard method which is an indirect
method to determine the chloride ion by the addition of a measured
excess of standard silver nitrate solution to the sample and back
titration of the excess silver nitrate with standard potassium
thiocyanate solution. A stock solution of about 1 M GaCl3 was
prepared. The concentration of the stock GaC13 solution was also
checked by the application of cation exchange resin. BDH 'amber-
lite' IR-120(H) (AR grade) resin was dried in a warm place for
one or two days and was used for the packing of a column of
height 30 cm and internal diameter 25 mm. The resin was treated
with 2 M hydrochloric acid and then washed with deionized water.
The washing process was complete until the final 10O ml of effluent
required less than l ml of 0.02 M sodium hydroxide for its neutr-
alization using methyl orange as indicator. The gallium chloride
stock solution which was analysed by Volhard method was diluted
10 or 20 times. The diluted gallium chloride solution was
applied to the cation exchange column and the acidic solution
after passing through the column was titrated with 0.1 N NaOH
using phenolphthalein as indicator. Triplicate results were
obtained. The results from the two methods should agree within
five part per thousand. The density of the stock GaCl3 solution
was measured with a Westphal balance. Thus all the samples pre-
pared were in weight basis using densities and the concentration
data. The more concentrated solutions were prepared by reducing
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the volume of the original stock solution in known weight by
rotary evaporator. In this way the solutions of given water to
cation mole ratio (within solubility limit) were prepared. De-
ionized water, acetone and dimethyl sulfoxide were transferred
by E-Mil green line rnicroburettes (10 ml capacity, tolerance
+0.01 ml). The densities of these liquids were determined and
the volume transferred was calculated from the required weight.
All freshly prepared samples were transferred into Wilmad thin-
wall NMR sample tubes (Imperial 507 pp) and were sealed. The
PMR spectra of the sample solutions were recorded wfwrithin 12 hours
after preparation.
3.2.3 NMR instrumentation
Proton NMR spectra were recorded using the JEOL JNM-C-60-HL
spectrometer equipped tvith..a JES-VT-3A Variable Temperature
Controller. The oscillating RF frequency and the modulation fre-
quency of the NMR spectrometer are 60 MHz and 4 I:Hz respectively.
The specifications of the instrument were checked monthly. The
resolutions were kept less or equal to 0.3 Hz, and the sensitivity
was sufficient to detect a 7 x 10-3 mol./liter signal with signal
to noise ratio greater or equal to 30*for 1% ethyl benzene CH2 quartect.
Spectral reproducibility was shown by the fact that the average
deviation-for five successive five-minute sweeps was no more than
0.4 Hz. During the experiment, the system was kept in external
lock. Variable low temperature studies were carried with the
Variable Temperature Controller. The samples were cooled with
cold nitrogen gas generated from liquid nitrogen in the dewar.
The temperature range of the Variable Temperature Controller ran-
ged from -170°C to 200°C and the temperature stability was
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±0.5°C. For low temperature studies, the temperature was monit-
ored by measuring the peak separations of hydroxyl and methyl
protons signals of methanol. The integration deviation was 0.86%
and the integration, error was 0.86% for the electronic integrator
of the spectrometer (integrating five times for 5% ethyl benzene
in carbon tetrachloride).
3.2.4 Spectral measurement
All NMR spectral measurements were recorded at 60 MHz using
field-sweep method. This field-sweep method is generally preferred
since it precluded any change in radio-frequency level or phase
with the sweep 23 and leads to an accurate measurement of the re-
lative intensity of the NMR absorption signals. Integration of
the signals was performed by measuring the relative peak area
integrated by the electronic integrator, a minimum of five times
for each area determination. The sweep time of the recorder for
integration was 100 sec, while for spectral measurements the
time was 250 sec for sweeping a sweep width of 9 ppm.
The sweep width was narrowed to 18 ppm (x2, 1080 Hz) for
recording water proton signals and was expanded to 1.8 ppm (x5,
108 Hz) for DMSO protons. The carbon-13 satellite peaks were
noted to avoid from the integrated area of complexed DMSO signal.
The temperature programming of the samples was performed
using a JES-VT-3A Variable Temperature Controller equipped with
the NMR spectrometer. The sample in !the probe was equilibrated
for at least half an hour. The line width of the bulk water
signals were measured at half-height of the absorption peaks.
Average line widths and peak separations were obtained from three
measurement of three scans.
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3..3 Results
The proton magnetic resonance spectra of a representative
gallium chloride-water-DMSO-acetone solution (mole ratio of
Ga :H20 :DMSO :acetone is l:45.34:5.94:5.72) as a function of tem-
perature are produced in)Fig. 3.1. The acetone signal (-CH3) is
at upfield, followed by the free and the complexed DMSO signals
which are overlap together and are separated from the acetone
signal by about 30 and 50 Hz. Signals of water appeared at
much lower field (at about 150 Hz from acetone) which are aver-
aged. to a single signal at broom temperature. At temperature -46.6°C,
the line-shape changed and the complexed water proton signal
appeared. Assignments of the bulk and complexed signals were
done by Matwiyoff etal24. that the low field water signal is
assigned to the complexed water proton, i.e. water molecules in,
the first coordination sphere of Ga+3 ion, and the high field
one is waters at all. sites outside the first coordination sphere.
The effect of variation of temperature on the line-shape was
prominant. The low temperature studies (-25°C to -60°C) were
performed far below the coalescence temperature of the complexed
and the bulk water signal. Well-defined absorption peaks were
observed and direct peak integrations were carried out. No
solution frozen problem was encountered at these temperatures..
The temperature effect on the line-shape of DM50 signal of the
system with composition Ga :H2O :DMSO :acetone= 1:45.34:11.28:5.72
is, shown in Fig. 3.2. The appearance of the complexed DMS0
signal at low temperature (-13 °C) indicates that. exchange of
DMSO is: fast at room temperature. Only one resonance signal
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for acetone is observed in every spectrum, indicating the solv-
ation of Ga+3 by this component is not occurring to any appreo-
iable extent. The solvation results for water-DMSO-acetone
mixtures are summarized in Tables l,2,3,4,5a,5b,6a and 6b. The
solvation number of Ga+3 for H2O and DMSO in the systems GaC13-
H20-DMSO-acetone are listed in Tables 1 and 2. The composition
of the samples were varied systematically. The variation of
peak separation of the bulk and complexed solvent signals are
listed in Tables 3 and 4. The mole ratio of waaEar to DMSO in the
coordination sphere of Ga+3 ion and in the bulk solvent phase
are listed in Tables 5a, 5b, 6a and 6b.
The temperatures indicated in Tables 1 and 2 are the temper-
atures at which the peaks were well-defined and integrations were
carried out. Due to the inert nature of acetone, it can act as
an internal standard in these GaCl3-H2O--DMSO-acetone systems.
The last column of Tables 1 and 2 are the separation of the bulk
water signal down field from the acetone signal at temperatures
indicated. Tables 7 and 8 also show the separation between the
bulk solvent and acetone signals in these systems at 25°C.
Tables 1, 2, 7 and 8 reveal that the bulk water proton signal
is dependent on solvent composition. The bulk water proton sig-
nal shifted upfield with increasing DMSO and acetone content as
a result of the breaking of water-water hydrogen bonds by DMSO
and acetone. As shown in Tables 7 and 8, the position of the
bulk DMS0 peak is dependent slightly on the amount of DMS0
present and is independent of the amount of acetone in the
systems. These results strongly indicate that the methyl protons
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of DMS0 are not involved in hydrogen bonding with water.
The rate constant for the exchange of protons between the
first coordination sphere and the bulk solvent was calculated
from the equation
where pM is the fraction of water in "bound" water molecules,
is the net increase in linewidth of the bulk water absorpt-
ion signals, M is the average lifetime of a proton in the first
coordination shell. The data points obtained for the rate con-
stant values corresponding to different temperatures were subs-
tituted into the equation of Transition State Theory to compute
the activation parameters by least--square-fit method:
therefore
are the activation enthalpy and entropy res-where t Hr and AS-'-
pectively.
The activation parameters can be obtained from the above
equation and the exchange rate constant at 25°G can also be found
by extrapolation to high temperature.
Fig. 3.3 shows the variation. of bulk water proton NMR sig-
nals in the GaC13-H2O-DMSO-acetone system with mole ratio of Ga:
H2O:DP.SO:acetone = 1:45.34:11.88:5.72 at different temperatures.
Fig. 3.4 shows a plot of linewidth broadening versus the recipro-
cal of absolute temperature for representative compositions. In
Fig. 3.5, the temperature dependence of p /'J (i.e. PM-1(T2.1
- T2a-l) the lineAdth broadening term for the bulk water proton
signals of one representative composition) is summarized.
62
The pM value, the mole fraction of the bound water molecule was
calculated from the coordination number data. The linewidth of
pure water signal at 25°C was found to be 0.7 Hz and was used
for the calculation of . As confirmed by Matwiyoff25 in the
study of different systems the linear region of steep slope in
the temperature range 4.06 103/T 4.28 in Fig. 3.5 for the solu-
tion of composition Ga :H20:DMO :acetone= 1 :45.34:5.94:5.72
should correspond to the process dependent on TM , i.e. the
second limiting case discussed in chapter two, where the relax-
ation by T2M was fast and the linewidth broadening was controllec
by the rate of chemical exchange. This temperature range is
different for different solution composition. Fig. 3.6 shows
the plots of the ink vs. 1/T for some representative compositions.
The temperature profiles for the sample of various compositions
are summarized in Table 12. The rate constants and activation
parameters.for water proton exchange in the GaC13 -H20-DMSO--acetone
systems are listed in Tables 10a, 10b, lla and llb for comparison
in the array of comparing different amount of acetone and DMSO
im the systems.
3.4 Discussion
Since solvation of a diamagnetic cation in solution produces
an electron charge withdrawal toward the negative end of the sol-
vent dipole, as a result there is an increased polarization of
the particular solvent molecule, Thus, nearby nuclei experience
a decrease in the surrounding electron density, and more import-
ant, in the diamagnetic shielding produced by their bonding
electrons. In the GaC13-H2O--DMSO-acetone systems since the int-
eraction site in the water molecule is the unshared electron
pair of the oxygen atom, the charge withdrawal produced by sol-
vation of Ga+3 results in extensive deshielding of the nearby
hydrogen nuclei. Thus the protons of water molecules involved
in solvation interactions undergo resonance at a lower applied
magnetic field than molecules in bulk medium as in Fig. 3.1. The
magnitude of the chemical shift displacement between the-solvent
molecules in the first coordination sphere and that in the bulk
medium depends largely on the strength of the interaction which
reflects the surface charge density of the ion. Also, the proximity
of a proton to the interaction site is another factor governing
the magnitude of the chemical shift displacement. For water
molecules, solvation produces a large perturbation of the chemi-
cal shift of the protons, the chemical shift separations for
GaGl3 in aqueous-DMM.RSO-acetone systems fall in the range 280-
330 Hz as shown in-Tables 3 and 4. As for DMSO molecules, the
protons are several bonds removed from the site of interaction
the chemical shift displacement is far less and fall in the
range 15-23 Hz. These shifts are less than thoseof the shifts
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for water molecules by almost a factor of 10.
From the coordinated-bulk water PMR chemical shift separat-
ions for GaC13-H2O-DMSO-acetone systems, 280-330 Hz, the lifetime
of a proton in the gallium ion coordination sphere must be
0.005 sec. Sec. the signal separations for DMSO
(15-33 Hz) are smaller by an order of magnitude, the exchange
rates must be proportionately less.
3.4.1 Competitive solvation
The fractional number obtained for the solvation number
indicates the value is a statistical average that can be consid-
ered as the macroscopic value of the solvation number. The
coordination.number data of Tables 1 and 2 provide unambiguous
evidence for solvation of Ga+3 by DMSO in aqueous mixtures. The
intensive solvating ability of the DM80 molecules is emphasized
by (1) their contribution to the first coordination sphere of
Ga+3 even in the presence of small amount of DMSO in the case of
Ga: H 2 0: DMSO= 1:45.34:5.94 and 1:15.47:3.87, and (2) the coordi-
nation number of DMSO is increased as the amount of DMSO increase
while the water amount decreases as shown in Table 1.
Since acetone is required to permit studies at low tempera-
ture, the inert nature of this component must be verified. Dur-
ing the whole research, no signal for complexed acetone is obser-
ved. This is due to the fact that acetone does not solvate Ga+3
ion. The lack of solvating ability for acetone has been demons-
trated by Fratiello and coworkers9-10 and outhores24. The
comparable dipole moments of 2.3 D (H20), 2.9 D (acetone), 3.9 D
(DMSO)27-28 for these ligands indicate this parameter is not
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decisive in determining solvating ability. The more important
factor is the ligand basic strength. In vieW of the relative
basicities, of these ligands, pKBH+ =-7, -2 and -2.01 for acetone,.
H 2 0 and DMSO respectively 28'29'43. Therefore it is resonable
that acetone is unable to solvate Ga+3 in the presence of DMSO
and water. These basicity values can also explain why OMSO
competes effectively with water for Ga+3 in solution
3.4.2 Bonding in the Ga+3 coordination sphere
Because of the closed shell structure of the gallium ion,
the interaction between this metal ion and the ligands is prim-
arily electrostatic in nature. The results listed in Tables 3
and 4 show the variation of chemical shifts with the solution
composition in the GaCI 3-H 2 0-DMSO-acetone systems. The B -c
values (peak separation of bulk and complexed signals) of DMSO
fall into the trend that as water molecules decrease by
substitution of DMS0 molecules in the coordination sphere of Ga4_3
these B-C values increase. This indicates that H 2 0-Ga+3 interaction
is stronger than DMSO-Ga+3 in the solvation shell, and the
substitution of water by DM30 causes a net increase of effective
metal charge an Ga+3, because when the number of DMS0 becomes
more in the coordination shell, the more localized metallic charge
makes the canonical structure Ga+3__ 0----- S+(CH3 )2 become important
and the two methyl groups are less shielded by. the induced positive
charge on sulphur atom, resulting in a shift to lower field.
This reflects that charge transfer from water to Ga+3 is larger
than from DM30 to Ga+3. The same phenomenon has also been found
by Reynolds et al in AlCl3 in aqueous-DMSO mixtures300,
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At the same time, there may exist the possibility that chloride
inion may take part in the first coordination sphere of Ga+3 with
water and DMSO simultaneously. If chloride ion does exist in the
first coordination sphere of gallium ion, the coordination value
3f chloride ion can be easily obtained simply by substrating the
total coordination number in Tables 1 and 2 from 6. The chloride
ion in the first coordination of Ga+3 may expect to reduce the
metallic charge of the gallium ion and may, of course, reduce
the interaction between the gallium ion and water and DMS0 ligends,
resulting in a decrease in the charge withdrawal power of the
gallium ion and also -there is a decrease in the charge' transfer
from water and DMSO molecules in the first sphere to gallium ion,
such that the decreased charge transfer to gallium ion would decrease
+
the importance of the Ga+3 DMSO bonding for the canonical structure
Therefore, the more chloride ion presence in the first coordination
sphere( this can be reflected from the decrease in the total.
coordination number of gallium ion if chloride is actually present
in the first sphere of gallium ion), the smaller will be the
separation between the coordinated and bulk DMSO signals. Experi-
mentally, the existence of chloride ion in the first coordination
sphere of gallium ion simultaneously with water and DMSO is rule
out by the fact that the separation between the coordinated and
bulk DIASO signals increases rather than decreases with the total
coordination. number of gallium ion as shown in Tables 1, 2, 3
and 4. The existence of chloride ion simultaneously with water
or other solvent molecules in the first coordination sphere of
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Ga+3 have also been ruled out by Ga-69 NMB in aqueous-acetone
mixtures19, by in methanol solution44, and by PMR Ga-71
NMR in acetonitrile solution45.
3.4.3 Ion pairing and species in the aqueous-DMSO-acetone mixtures
Previous discussions have demonstrated the inability of ace-
tone to displace water from an ion coordination sphere. In fact,
acetone apparently can solvate a cation only when the water
concentration is insufficient to saturate the ion coordination
sphere 18. Thus, it may be assumed that the coordination results
in Tables 1 and 2 represent the total number of solvent molecules
in the Ga+3 first coordination sphere. This number deviates
from 6 in a pure aqueous solution of GaCl39 and aqueous-DMSO
mixtures with small amount of acetone as shown in Tables 1 and 2.
These results are strong indications of contact ion pairing and
they are in marked contrast to those obtained with nitrate and
perchlorate solution of Ga+3 9, wherein the coordination numbers
remain 6 over a wide range of acetone concentration. Ion pair
formation is consistent with the observed decrease in the Ga+3
coordination number with decrease in the dielectric constant of
the solution medium by the addition of DMSO and acetone. Since
acetone does not solvate Ga+3 in these solutions, the decrease
in coordination number is due to the fact that successive re-
placement of water and DMSO molecules by chloride ion in the
first coordination sphere may occur. Although water or DMSO is
more basic than chloride ion by about five orders of magnitude,
it is resonable that the above ion pair assumption may be valid in
68
the systems studied, because the extent of ion pairing is roughly
proportional to the reciprocal of the product of dielectric con-
31
stant and temperature31. Contact ion pairing may be induced
in these systems by the low temperature of study and the decreased
dielectric constant of the medium when acetone (E= 20) and DMSD
(E =46.4) is added to water( E= 80).
It is of importance in the present study to identify the
species present in these solutions. Identification of the species
present in aqueous-DMSO--acetone mixtures is complicated by the
fact that they are mixed cornpleses, i.e. complexes having water,
DMSO and chloride ion in the Ga+3 first coordination sphere.
There is no doubt that, the hexacoordinated-gallium species may be
present in these systems since they are the major species in.
aqueous acetone mixtures of GaC13, Ga(NO3) 3 and Ga(C104)3. The
coordination number of 6 obtained when a small amount of acetone
is present, as shown in Tables 1 and 2, also supports the
existence of these hexacoordinated gallium species. Since ion
pair formation is indicated in these systems, the octahedral
species with water, DMSO and chloride ion present simultaneously
in the first coordination sphere may also be expebted to Exist
in the systems. In addition, as the dielectric constant is
further decreased, the coordination number decreases to the
values below 3, providing evidence for the presence of tetra-
hedrally complexed Ga+3 ions. The formation of tetrahedral com-
plexes from hexacoordinated octahedral complexes has also been
noted for Mn+2 in methanol upon the addition of halide ions by
32,33, for Co 2 in water in the presence of addedthe ESR studies
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C1_ as determined by oxygen-l7 and Cl-35 NMR investigation
and most importantly for the study of GaC13 in aqueous acetone
in methanol by PMR44 and in acetonitrillmixtures by Ga-69 NMR19
by PMR and Ga-71 NMR 4,91 and GaC13 solution in the presence of
higher concentration of C1- ion as studied by Ga--71 NMR21
and Raman spectroscopy 20. These results parallel. the situation
in the present systems. Also, a general consideration of the
energetics of octahedral and tetrahedral compleses of divalent
cations shows that upon replacement of two or more solvent mole-
cules by anions, the tetrahedral is the more stable species.
Base on the above discussion, a preliminary conclusion on
the species present in these GaCl3-H2O-DMSO-acetone systems can
be drpwn
The successive substitution of water and DMSO molecules by
chloride ion may imply the presence of a variety of Ga+3 species
in solution: they are the octahedral series represented by
Ga(H 2 0) n (DMS0) m Cl 6-(n+m) 3-(6-(n+m)j and the tetrahedral series
represented-by Ga H 0 Cl 3-(4-(n+m)
(H20) n(DMSO) mC14- (n+m)
A.variety of spectroscopic studies have demonstrated the
strong complexing tendenices of Ga+3 in concentrated aqueous
solution of the gallium halides20-21 and in medium of low diele-
ctric constant19. In those solutions, the usual octahedral
6 +3 collapses to the tetrahedral GaX 4- species upon com-Ga(H 2 0)
plex formation and they are the dominant species in aqueous
halide solutions with no evidence for intermediate halide comp-
lexes.
In the present systems, GaC13 in aqueous-DMSO-acetone mixt-
ures, similar results-are obtained, i.e. the dominant species
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in the present systems are the octahedral Ga(H20) n(DM50)m +3 and
n m
the tetrahedral GaCl4-. The conclusion that the chloride ion
cannot exist simultaneously with water and DIAS0 molecules in the
first coordination sphere of gallium ion 1..e. Ga(H20)n(DMSO)mCl6 -(h+m,
) Cl 4-(n +m) are not the major species+m)and Ga(H 2 0) n (DMS) m
is based on the following facts:
(1) The appearance of only one principal signal in the complexed
water and DMSO regions of the spectra of. the present system mini-
mizes the possibility that a variety of Ga+3 species are present.
(2) Base on the discussion of section 3.4.2, the presence of chl-
oride ion simultaneously with water and D1150 molecules in the
first coordination sphere would decrease the separation between
the coordinated and bulk OMSO signal if the concentration of Cl
ion in the first coordination sphere increases due to the decrease
in importance of the canonical structure, Ga+3-___0- ___S+ (CH 3J2
Instead of decrease,, Tables 3 and 4 give the opposite results
indicating that chloride ion does not exist in the first coordina-
tion sphere of gallium ion simultaneously with water and DMS0
(for detail discussion, please refer to section 3.4.2).
The conclusions drawn here are consistent with those of
other studies of cation complexes. The presence of octahedral
m +3 and tetrahedral GaCl4- as the dominant speciesGa(H20) n (DMSO)
parallels to the GaCl 3 in aqueous-acetone mixtures l7- 19 in methanol 44
and in acetonitrile45. Although it is conceivable that separate
peaks arising from the chlbro-substituted complexes, if any, may
be obscured by overlap arising from broadening due to increased
viscosity at low temperature and proton exchange, so that the
reason (1) in the above can be ruled out, reason (2)
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gives, ample evidence for the absence of the chloro-substituted
complexes, i.e. the Ga(H 2 0) n (DMS0) m Cl 6--(n+m) 3--(6-(n+m)) and
Ga(H 2 0) n (DMSO) m C1 4-( n+m3-(4- (n+m))
In spite of the fact that evidence has been given which rules
out the existence of the chloro-subsitituted complexes, it is still
possible that. these complexes have a very short lifetime( shorter
than the NMR time-scale) so that they connot be detected by the
proton magnetic resonance spectrometer.Also, up to this'stage,
whether the tetrahedral Ga(H2O) n (DM60) complexes exist in these m
solutions or not, no evidence supports or rules out their existence.
3.4.4 Preferential solvation
One of the most striking features of the data of Tables 5a,
5b, 6a and 6b is the systematic solvating tendency of gallium
(III) ion in aqueous--DMSO-acetone mixtures. In the study of
.Ga(C1O 4)3 in aqueous--DMSO mixtures 35, Fratiello found that there
was a definite preference for water even at the 1:12 mole ratio
of water to DMSO in solution while the ratio of bound water to
DM80 was 1:5. In 'contrast Tables 5a, 5b, 6a and 6b indicate
Ga+3 ion is preferentially solvated by DMSO in the GaCl3-H20-
MASO-acetone systems when at a 1:45.34 mole ratio of Ga+3 to
water because the mole ratio of the coordinated water to DMSO
is lesser than the mole ratio of the total water to DMSO
while at a 1:15.47 mole ratio of Ga+3 to water, instead of pre-
ferentially solvated by DMS0, Ga+3 is solvated by water prefer-
entially. The change of preferential solvation from DMSO at
higher Ga+3 to water mole ratio to water at lower Ga+3 to
water mole ratio can be explained as follows:
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As mentioned in section 3.4.1 above, competition for the
first coordination sphere by two.or more solvent molecules de-
pends on the basicity of these solvent molecules. In view of
the relative basicity of water and DNPISO species, pKBH+=-2,
ti
-2.01 for water and DMSO respectLvely 28,43 These basicity
values explain why DMSO competes effectively with water for
Ga+ 3 ion in solution and also reveal. that the bascity of
water and DMSO are comparable. Therefore, these basicity values
are not the decisive parameter in determining preferential sol-
vation. Rather than the ligand basic strength, the activity of
water and DMSO ligands may be the most important factor in
determining preferential solvat ion in the GaCl3--H2O-DMSO-acetone
systems.
The water activity depends largely on the solvent structure.
Many physical properties of water-DMSO mixtures show an extremun
8,36-37
at a 2:1 water to DMSO mole ratio. and the activity coeif-
0
icien t of water3 decreases rapidly at mole ratios of water to
DMSO less than. 4. Hence, at mole ratio of water:DP430 less than
4, the DMS0 molecules are preferentially bound to Ga+3 as shown
in Tables 5a and 6a because the water-DMSO interactions lower
the water activity sufficiently to permit DMS0 solvate Ga+3 ion
preferentially.
Another factor that controll the water activity in solution
is the concentration of chloride ion present in the GaCl3--H2O-
DM30-acetone systems. Evidence30 has shown that the number of
DM60 molecules in the first coordination sphere of aluminium (III)
ion increased with increasing A1C13 concentration for a given
water to DMSO mole ratio in the solvent mixtures is a
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result of increased chloride ion-water hydrogen bonding as the
chloride ion concentration is increased. The increased amount
of chloride ion resulting from the increased AlCl3 concentration
is preferentially solvated by water because the solvent activity
coefficient of chloride ion in DMSO with respect to water is
large39, i.e, the chloride ion is less solvated in DMSO than in
water. The result is a decrease of the water activity by chloride
ion. By a similar reason, in the systems of GaCl3-H20-DMSO-acetone,
in addition to the effect of DMSO on water activity, presence of
chloride ion can lead to a decrease in water activity as can be
seen from Tables 5a and 6a that even when mole ratio of water
to DMSO is higher than 4 (i.e. 7.63) the Ga+3 ion is preferentially
solvated by DMSO because of the reduction of. water activity by
the.presence of chloride ion.
It is of interest that as shown in Tables 5a and 6a as the
amount of acetone increases, the mole ratio of coordinated water
to DMSO decreases, i.e. Ga+3 ion is more preferentially bound by
DMSO. This is due to the fact that addition of acetone can lower
the viscosity of the solution medium and can break the water-
DMSO complex linkage eo that there is an increase in activity of
both water and DMSO. Although water activity can be increased
by the addition of acetone, however when compared to DMSO, since
water can form hydrogen bonding with acetone while DMSO cannot
so that as the amount of acetone increases, the water activity is
decreased as compared to DMSO. Undoubtedly, as a result of chlo-
ride ion-water and acetone-water hydrogen bonding, the net incr-
ease in water activity is lower than that of DMSO, therefore,
there is an increase in preferential solvation of Ga+3 ion by
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DMSD when the cmount of acetone increases.
Previous detailed studies of Al+3 in warter-DMSD mixtures had
Hemonstrated solvation by both components in proportion to their
concentrations, reflecting a simple mass action equilibrium9-11.
In the present FaCl.-3H2O-DMSO-acetone systems as shown in Tables
sb and 6b whsn at mole ratios 1:15.47:15.47:5.72 and 1:15.47;
23.21.5.72 of Ga:H2O:DMSO:acetone, this simple mass action
equilibrium also holds true because the mole ratio of coordinated
water to DMSO equals to that of the total water to DMSO. Pre-
vious section (ie.section 3.4.3) has der demonstrated that exten-
sive contact ion pairing has occurred when the water to Ga mole
ratio is 15.47 so that free chloride ion is present in small amount
in these systems. This small amount of free chloride ion cannot
reduce the activity of water molecules effectively. therefore.
both wator and DMSO molecules compete for the Ge+3 solvation shell
stoichiometrically. When the emount of acetone is increased,
the free chloride ion in the system is further decreased and the
structure of water-DMSO complexes is broken by acetone so that the
the activity of warer is increased. Owing to the increase in water
actiuvity, a change of preferentiol solvation from DMSO to water
occurs when Ga+3 to water is changed from 1:45.34 to 1:15.47.
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3.4.5 Kinetic studies: Proton exchange studies
The proton exchange between the solvation sphere of Ga+3 ion
and the bulk solvent phase in GaCl3-H2 O-DMSO-acetone system is
one example of magnetic nuclei exchanging between two magnetically
different sites with one site in large excess. The rate acid re-
levant kinetic parameters can be-calculated from the change of
linewidth as a function of temperature measured by proton magnetic
resonance method. This method has been outlined in chapter two.
Water exchange between these two sites for Ga+3 in aqueous system
22
Was intensively studied by oxygen-17 NMR22. The present study
is to rationalize the kinetic behaviour of water proton transfer
between the coordinated and bulk solvent sites in the GaCl3,-H2O-DMSO-
acetone systems by proton magnetic resonance method.
3.4.Sa Mechanism of proton exchange in GaCl3-H2O-DMSO-acetone systems
The hydration of gallium(III) ion has been studied by oxygen-
17 NMR22. The rate of exchange of water coordinated to Ga+3 ion
with the bulk phase water and activation parameters at room tem-
perature found by oxygen-17 NMR was found to be:
Comparing these quantities with that of the Al +3 ion, Fiat
and Connick22 suggested an association mechanism, i.e. S N 2 type,
for the exchange of water between the Ga+3 coordination sphere
and the bulk solvent phase, while a dissociation mechanism, i.e.
S 1 type, for the case of Al +3 ion.
N
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When the results in Tables 1Qa, lob '11a and llb are compared
with those..of.-Fiat and Connick, the proton transfer may result
largely from the exchange of the whole water molecules between
the bound and bulk sites. Therefore, the proton transfer processes
may proceed via an association mechanism, i.e.a SN2 type, of water
exchange between the bound site and the free sites so that the
kinetic datas'are similar to those found for pure aqueous
system.
Because of the closed shell structure of the Ga+3 ion, the
interaction between this metal ion and the ligand is primarily
electrostatic in nature. The much lower enthalpy of activation
and the large negative value of entropy of activation-
may indicate that in'the transition state the coordination
number is higher than in the octahedral ground state. This
could occur as a result of the filled outer 4d orbital leading
to a larger radius and smaller effective metal charge. Owing to
the larger radius of the Ga+3 ion,' the repulsion between the lig-
ands would also be smaller because of the larger distances invo-
lved and the correspondingly smaller induced dipoles, therefore
the mechanism for exchange of water molecules should be of a
SN2 type.
It should be noted that the kinetic pathway for water proton
exchange between the bound and the free sites is entropy controlled.
.The large entropy effects may be related to the large negative
entropies associated with the first coordination sphere of the
highly charged gallium ions and the relatively more positive
entropy of the molecules in the vicinity of the first coordination
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sphere, i.e. the second sphere. The entropy of the molecules in
the second sphere is considered to be more positive than that of
the bulk, because of the disorder existing in between the ordered
structure of the water in the first coordination sphere and the
relatively ordered structure of water in the bulk, resulting from
hydrogen-bond interaction.
3.4.5b Effect of solution compositions on the kinetic of proton
exchange
The replacement of a solvent molecule bound to a metal ion
by another molecule is one of the fundamental. reactions of metal
ions in solution. Such reactions are important elementary steps
in a wide range of processes. For example, in biological systems
substitution at a partially or completely solvated metal ion is
often an important feature of metalloenzyme or coenzyme function.
In less direct ways such substitution processes may be important,
e.g. when metal ions are transported through and along a membrance
of lipid or protein, the membrance, containing potentially coord-
inating groups, may be regarded as a giant, relatively immobile,
polydentate ligand, the metal ion moving from one coordinating
site or group of sites to another.
In aqueous solution, water proton transfer from the coord-
inated site of the metal ion to the bulk solvent phase is the
most common process. No matter what exchange reactions occur in
the solution, the reaction kinetic should depend upon the solution
compositions and the physical properties of the solution medium,
e.g. dielectric constant, viscosity,........,etc..
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It has sometimes been argued that linear free energy relation-
ships such as those of Hammett 40 and Taft 41 equations are assoc-
iated with the existence of linear relationships between energies
of activation and energies of reaction. On the contrary, the
free energies are much simpler functions than energies, which
are more sensitive to external factors, such as those brought
about by the solvent. Although free energies can show linear
relationships, the corresponding energy and enthalpy changes
show no such relationship. This is possible because there is
a general tendency in processes in solution for heats and en-
tropies to compensate each other, so that the changes in free
energy are much smaller. This compensation effect42 was pro-
posed by Laidler.
The free energy of activation G* is equal to H* - TS*,
and it follows that if there exists an exact linear relationship
between H* and TS* with unit slope, there will be no variation
of G*. If the relationship is only approximately one, the de-
pendence of G* on solvent is much smaller than that of H*
or TS*. Although similar compensation effect has frequently
been found between H and TS for overall processes in solut-
ion42, the compensation between H* and TS* cannot be explained
in terms of purely kinetics effects. The true explanation must
lie inerms of solvent-solute interactions. In spite of the
fact that changes of solvent can exert their influence on H*
in a rather complicated manner, the partial compensation between
H* and TS* is of such a nature that their influence on G*
is of a much simpler nature. Therefore, for this reason relatively
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simple concepts can sucessfully explain the effects of solvents
on rates, i,e. on in G*. As for the explanation of the effects
on heats and entropies, more complicated explanations involving
detailed considerations of solvent-solute interactions must be
invoked.
Although the kinetic data are limited, they can shed light
in elucidating the mechanism of proton transfer between the coord-
ination sphere of Ga+3 and the bulk phase in GaCl3-H2O-DMSO-acetone
systems. Fig. 3.6, a plot of Ink vs l/T over a tmeperature range
yields a linear relationship which indicates the possibility of
only one mechanism dominating over this temperature range. The
rate constants and activation parameters in these systems exhibit
trends that can be explained in term of solution structure and
physical properties of the solution medium.
Tables 10a, 10b, 11a and 11b list quantitatively the rel-
ation between the solution composition and the water proton ex-
change rate constant and activation parameters in GaC13-H2O-DMSO-
acetone systems. The data of these tables can be divided into
two parts, the first part is the case of high water content,
i.e. mole ratio of Ga:H2O = 1:45.34, the other part is the case
of low water content, i.e. mole ratio of Ga:H20 = 1:15.47. These
two parts can be discussed separately as follows:
(a) In the case of high water content, i.e. mole ratio of
Ga:H2O = 1:45.34
The results of this case are listed in Tables 10a and lla.
Although the activation parameters in Table 10a can show the
compensation between ,H* and TS*, the change of H* and S*
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do not follow.the systematic change of the solution composlti-
ion. This non-systematic variation of H* and S* with sol-
ution composition indicates that the interactions in these sol-
ution systems are very complicated.. These interactions
involve the structure breaking of the water hydrogen bond network
by DMSO, the structure making of the water-DMSO complex, the
structure breaking and making of the chloride anion and water
molecules via hydrogen bonding by the addition of DMSO and acetone
and contact ion-pair formation.
Since DMSO can form complex with water molecules,it is
therefore resonable to consider that the breaking of such complex
is the important factor on the reaction rate constant. If the
between the coordinated water and Ga+3 ion is the pre-binding
dominant factor in determining the reaction rate constant, the
corresponding H* and S* may increase with the increasing
binding energy caused by the decrease of dielectric constant of
the solution medium. Table 10a shows no such change so that this
is not the controlling f ctcr in determining the reaction rate
constant. Instead, Table 10a shows that there is a tendency
for S* to decrease with the added amount of DMSO (except that
there is an anomalous at Ga:H2O:DMSO r 1:45.34 23.76 and will be
discussed later. This implies that UASO may probably participate
in the activation process by carrying water molecules into the second
sphere of Ga+3 because it can.form water-DMSO complex with water,
i.e. DMSO may take part in the activated complex. Therefore in
addition to the breaking of water-DMSO complex, the rate determining
step also involves the diffusion of water molecules to the proximity
of Ga+3 solvation shell. Since proton transfer results from the
81
exchange.of whole water molecule, the rate constant may also depend
on the activity of water in the solution.
When acetone is present in small amount (i.e. when Ga+3: acetone
=1:5.72 and 1:11.44), although it is DMi30 assisted, when more.
DMSO is added, more water-DMSO complexes are formed and these
complexes are strongly bound, the water activity is therefore decreased,
Also, since the viscosity of the solution medium becomes high as
DMS0 is increased (viscosity of DMSO at 20°C= 2.473 centipoise,
viscosity of acetone at 25°C= 0.316 centipoise and viscosity of
water at 20°C= 1.002 centipoise), the water-DMSO complex cannot
freely migrate into the second sphere of the Ga+3 ion, therefore
the rate constant is decreased. When more acetone is present in
the solution (i.e. Ga+3: H 20= 1:,22.88 and 1:45.76), in this case
2
water is tightly bound to DM80 in the water--DMSO complex owing
to the structure breaking by acetone, the water activity is then
increased. At the same time the viscosity of the solution medium
is lowered so that this tightly bound complex can freely move into
the second sphere of the Ga+3 ion so that there is an increase in
rate constant with increase of DMS0 amount.
It has been mentioned previously that Table 10a shows an
anomalous at the mole ratio of Ga: H 20: DMSO= 1:45.34 :23.76 (i.e.
H O:DMSO= 2:1), i.e. A64and S'' suddenly increases. This is
owing to the fact that when H2O:DMSO= 2:1,. the binding between
the water and DMSO in the water-DMSO complex is very. strong as
revealed by the large heat of mixing8 and evidences7'8 show that
.the formation of 1-2 DMS0-water comolex at H20:DM30= 2:1, therefore
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the breaking of such 1-2 DMSO-water complex is the main contribution
to H+. Owing to the strong binding between the water and DMSO
in this complex, large amount of energy is required to break this
complex in the activation process so that there is an increase in
at Ga :H2O :DMSO= 1:45.34:23.76. Since S* and H+ comprnsates
each other, therefore S* increases with the increase in L H*.
Table lla shows the acetone effect on the proton transfer
process in the GaCl3-H2O-DMSO-acetone svstems. The smaller change
in activation parameters indicates acetone contributes much less
effect on the kinetic pathway it only acts as a diluent and has
the effect of breaking of the hydrogen-bond network of the water-
DMSO complex. The decrease in rate constant as acetone amount
is increased when DMS0 is present in small amount (i.e. Ga:DMASO=
1:5.94 and 1:11.88 except at DMSO= 5.94 when acetone increases
from 5.72 to 11.44, k increases from 5.09 to 5.27 because of the
decrease in viscosity of the solution Medium, as a result the
water-DMSO complex can migrate into the second sphere of Ga+3
rather easily), this is due to the fact that small amount
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of DMSO cause a rigidifing effect on the hydrogen bond network
of the water molecules and increase in acetone amount causes
an Increase in dipole association of water molecule with acetone
that results in reduction of water activity, the decrease in eff-
ective concentration of water also decrease the proton transfer
rate. As DMSO increases to have a mole ratio of 1:45.34:23.76
of Ga:H2O:DMSO, i.e. H2O:DMSO= 2:1, there is a greater degree
of association in water-DMSO than in pure water since the ---OH...0---S
bond is stronger than the ---0H.....H---0 bond7. The viscosity,
density, heat of mixing8 and other thermodynamic parameters
all exhibit maximum values in the range of 0.3 - 0.4 mole fraction
of DMSO, indicating the formation of 1 - 2 DMSO-water complex.
Thus the water molecules are strongly bound by DMSO. Therefore
the addition of acetone can break the water-DMSO effectively to
increase the activity of water molecules, In addition, since-this.
is a DMS0 assisted process, the reduction in viscosity of the
solution medium caused by acetone can increase the diffusion of
the loosely-held water-DMSO complex from the bulk solvent phase
into the second sphere of Ga+3 ion. That is why there is an
increase in rate constant when mole ratio of water to DMS0 is
2:1 (i.e. Ga:H2O:DMSO = 1:45.34:23.76). When DMSO is present in
large amount, the addition of acetone does not cause significant
change in proton transfer rate constant. Since on one hand, small amount
of acetone cannot break the water-DMSO complex effectively, and
on the other hand, although this water-DMSO complex can be broken
down by large amount of acetone, the increase in dipole association
83
between water and acetone and the decrease in effective concen-
tration of water im the secona sphere of Ga+3 ion, results intration of water im the
a small rate constant and no change in proton transfer rate.
(b) In the case of low water content, i.e. mole ratio of Ga :H20
=1:15.47
The results corresponding to this case are shown in Tables
lOb and llb which show that laH and ASS increase with decreas-
ing dielectric constant of the solution medium caused by the
addition of DI 'SO or acetone. The addition-of DM80 has two
effects
(1) increase.- of effective metal charge increases the metal-
ligand interactions,,
(2) decrease.' in dielectric constant of the solution medium
increases the metal-ligand electrostatic attraction.
Similar to DM 30, the effect of acetone-is also to decrease the,
dielectric constant of the solution medium and thus increase
the metal-ligand. interaction.
Table 9 and Fig. 3.? and 3.8 reveal that A H and T LS
has the compensation effect on each other and this effect is
not the complete uri because there is a slightly change of/ G with
solution composition and the plots of Fig. 3.? and 3.8 h1L
which deviate from one. The increase of H* with M,100
amount and acetone amount may be due to the increase in metal-
ligand interaction by addition of DMSO and acetone. The partial
compensation of H* by T L S¢ is due to the increase in interaction
between metal and ligand water molecules, resulting'in a loss .of
freedom of the coordinated water and a decrease-of entropy
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therefore the decrease in the entropy of the Ga (H 20 )n (DMSO)m3-(n+m)
complexes caused by the increase in metal-ligand interaction leads
to an increase in S+ according to the above relationship with
the increasing amount of DMSO and acetone,
As mentioned previously, the proton transfer rate constant
depends upon the water activity; in this case, in addition to
the water activity, the proton transfer rate constant also depends
upon the strength of interaction between the Ga+3 ion and water
ligand. As can be seen from Table lOb, this rate constant dec-
reases as the amount of DMSO increases. The decrease in rate
constant is due to:
(1) the reduction of water activity caused by the formation of
water-DMSO complexes,
(2) the increase in metal-ligand interaction arises from the low
dielectric constant of the solution medium by the addition
of OMSO,
(3) the increase in viscosity of the solution medium by the add-
ition of DMSO retards the diffusion of water molecules into
the second sphere of Ga+3 ion..
Unlike in the case of high water content, acetone has sig-
nificant effect on the rate constant and activation parameters.
Due to extensive ion pair formation which occurs in these low water
content systems, not only the hydrogen bond network of the water-
DMSO complex is broken down by the addition of acetone, but the
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amount of free chloride ion which can form hydrogen bonding with
water to decrease the water activity is also reduced as a result
of contact ion pair formation caused by the low dielectric cons-
tant of the solution medium when acetone is added.
Since the amount of free chloride ion is reduced in these systems
and the water-DMSO complex is broken down, the water activity
is increased. In addition, the low viscosity of the solution
medium caused by the addition of acetone can increase the diff-
usion of water molecules into the second sphere of Ga+3 ion.
Although the increase in Ga+3 ion-water ligand interaction can
lead to a decrease in proton transfer rate, however, the increase
in water activity and the reduction of viscosity of the solution
medium car overcome this decreasing effect and cause the proton
transfer rate constant to increase as the amount of acetone in-
creases as shown in Table llb.
Table 1 Solvation number of Ga(III) for H2O (n) P-nd DMSO (m) in
the GaCl -H2O-DMSO-acetone systems(in the array of comparing
different amount of DMSO
Total opComposition (in mole ratio) Solvation Temp• Solvatio TTemp.
CN.y** Hzwno. D1i1SOGa HnO DMSO acetone no. H2O
m,n*
-20.8-48.8 1913.021.024.991 45.34 5.94 5.72
-15,0-50.0 1875.561.763..80l 458-34 11.033 5.72
-26.5-40.0 1712.05 4. 152.101 45.34 23.76 5.72
-18.5-25.0 1483.732.39I 45.34 3 5.64 5..72 1..34
-20.8-46.6 1865.431.084.351 450'34 5.94 11.44
-24.0-43.2 4.28 1841.692.591 459134 11.88 11.44
-24.0-439-2 1.644.121.922.201 45.34 23.76 11.44
-270.0-24.0 3.64 1422.251.391 45.34 35.64 11.44
-39.0 180-30, 4 4.921.033.891 45.34 5:94 22.88
-2`7.0-39.0 1803.841.712.13Z 45.34 11.88 22.88
-26.0-31..5 3.70 1601.981.. 721 45 .34 23.76 22.88
-32.0-27.0 3.38 1392.301' 45.34 35.64 22.88 1.08
-45,5 168--22 O 3 .670.363.31l 45 0.34 5.94 45.76
-37.0 164-34.8 4.231.471 45.34 11.88 45.76 2 ,76
-26.5-40.0 1633.32,051.31l 450,34 23.76 4519.76
-28.2-25.0 136'3.372.380.991 45.34 35.64 45.76
-29.0 140
-29.0 2.841.421:.42Z 15.47 15.47 5.72
-26.0-26.0 2.92 1301.731.191 15.47 23.21 5..72
-36.0 1383.03-36 0 1.681.35l' 15.47 15.47 11.44
-35.0
-35.0 1343.652.111.54I. 15.47 .23.21 11.44
-19.8-52.0 ].651.800.331:471 15.47 3.87 22.88
-29.2-34.8 2:65 1321.171.48l 15.47 15.47 22.88
-34.8-25.0 1212.311.221.091 15.47 23.21 22.88
-34.8-61.0 1501.940.381.561 15.47 3.87 34.32
-30.0
-35.0 1261.260.510.751 15.47 15.47 34.32
-29.0-20.8 1191.44o..690.751 15.47 23.21 34.32
The number cited is the average of five integrations.
Temperature at which integration was carried out where the complex
signals were sharpest.
Total CN. is the total coordination number of Ga(III) and is the
sum of n and m.
is the separation between the bulk water signals and the
acetone signals at the specified temperature.
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Table 2 Solvation of Ga(III) for H20(n) and DMSO (m) in the
GaCl -H20-DMSO-acetone sys ems (in the array of comparing different amount of acetone).
Solvation Temp.Composition (in mole ratio) Solvation Temp. Total
T oC**oC**H2O DMSO acetoneGa H2 no. OMS0no. H2O CN'o** Hz
n* m*
-20.8-48.8l 45.34 5.94 5.72 4.99 1.02 6.02 191
-20.8-46.6l 45.634 5.94 11.44 4.35 1.08 5.43 186
-30.4-39.0l 45.34 5.94 22.88 3.89 4.921.03 180
-22.0-45.5l 45.34 5.94 45.76 3.31 0.36 3.67 168
-50.0 -15.01 45.34 11.88 5.72 3.80 1.76 5.56 187
-43,2 -24.02.591 45.34 11.88 11.44 1.69 4.28 184
-27.0-39.02.131 45.34 11.88 22.88 3.841.71 180
-34.8-37.0 4.231 45.34 11.88 45.76 1.47 1642.76
-26.6-40.0 2005 4.152.10l 45.34 23.76 5.72 171
-24.0-43.0 4.122.20 1641.921 45.34 23.76 11.44
-26.0-31.5 1.98 3.701 45.34 23.76 22.83 1601.72
-40.0 -26.52.05 3.36 1631 45.34 23.76 45.76 1.31
-18.5-25.0 3.732:.39 1481 45.34 35.64 5.72 1.34
-27.0-24.0 2.25 3.64 .421.39l 45.34 35.64 11.44
-32.0-27.0 2.30 3.38 1391 45.34 35.64 22.88 1.08
-28.2-25.0 3.372.38 1360.991 45.34 35.64 45.76
-19.8-52.0 1657.800.331 15.47 3.87 22.88 1.47
-34.8-61.0 0.38 1.94 1501.56l 15.47 3.87 34.32
-29.0-29.0 2.84 1401.421 15.47 15.47 5.72 1.42
-36.0-36.0 3.03 1381.681.351 15.47 15.47 11.44
-29.2-34.8 2.65 1321.171 15.47 15.47 22.88 1.48
-30.0-35.0 0.51 1.26 1260.751 15.47 15.47 34.32
-26.0-26.0 2.92 1301.731.191 15.47 23.21 5.72
-35.0-35.0 3.652.11 1341.541 15.47 23.21 11.44
-34.8-25.0 2.31 1211.221 15.47 23.,21 22.88 1.09
-29.0-20.8 1191.440.690.751 15.47 23.21 45.76
The number cited is the average of five integrations.
Temperature at which integration, was oarried out where the complex
signals were sharpest.
Total CN. is the total coordination number of Ga(III) and is the
sum of n and m.
is the separation between the bulk water signal and the acetone
signal at the specified.temperature.
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Table 3 Separation between the coordinated and bulk water and DMSO
signals as a function of solution compositions at 60 MHz
(in the array of comparing different of DIASO) e
Composition (in mole ratio) H2O CN. B-cH(H 20 DMS 0 CN. 6B`C(Df:4SO I
Ga H9O' DM 50 acetone t2n m Hz
1 45.34 5.94 5.72 286499 1.02 15.2
1 45.34 11.83 5.72 2913.80 176 16.6
1 4534 23.76 572 2.10 298 205 17.8
1 45.34 35.64 5.72 295 2.391.34 18.4
2821 45.34 5.94 11.44 40.35 1.08 16.6
2822L591 45.34 11.88 11.44 1.69 17.9
2.20 2941 45.34 23.76 11.44 1.92 19.0
2.25294 20921.391 45.34 35.64 11.44
1 45:.34 5.94 22.88 2823.85 1.03 17.3
1 45.34 11.88 22.88 2.13 286 1.71 18.0
1.`7 2881 45.34 23.76 22.,88 1.98 19.2
l 45.34 35064 22.88 2 99 2:30 20.81.08
312 0:3E 19.61 45.34 5.94 45.76
2811 45.34 116'88 45.76 2.76 18.0l.4,
2.05282 19.41 45.34 23.76 45.76 1.31
2.38 21.41 45o34 35.64 45.76 0.99 304
1.42300 1841 15.47 15.47 5:72 1.42
308 18.01.731 15.47 23.21 5.72 1.19
300 1..68 19.01.351 15.47 15.47 11.44
2.11314 19.21..541 15.47 23.21 11.44
296 0.331..47 19.01 15.47 3.87
19.2_1 15.47 15.47 22.88 1.48 311 1.17
3241 15.47 23.21 22.88 19.71.09 1.22
20.00.381.56 302l 15.47 3.87 34.32
22.40.510.75 3111 15.47 15.47 34.32
n r) r- 20.1324 0.691 15.47 23.21 34.32
11
of the bulk and complexBTC( H2 0) and_ (DMSO) denote the chemicl.iLofL
soveni signals atDthe temperature specifi6d in Tablesl and 2 at
which integrations were carried out.
Table 4 Separption between the coordinated bulk water and DMS0 signals
as a function of solution composition at 60 MHz tin the array
of comparing different amount of acetone
Composition (in mole ratio) H2unUN. DM60 ON. 3_C(DfilS0)5Q_C[H20)
Ga H2O acetoneDPJSQ HZ m Hz
45.34 28E5.725e94 4.95 15.2l 1.02
45.34 2823- 5.94 11.44 4 35 16.61.08
45.34 2025.94 22.88 1.033.3E1 17:3
3.31 19.645.34 5.94 45.76 3121
291 1.76 16.645.34 11.83 5.72 3.801
2822.59 1.69 17:945.34 11.83 ll.441
1.712.13 286 18.045.34 11.83 22.881
281 18.02.76 1.4745.34 11.801
2.052982.10 17.85.7245.34 23.76l
19.02.20 294 1.9245 34 23.76 11.44l
288 1.98 19.21.7245.34 23.76 22.881
2.05 19.42821.3145.34 23.76 46.761
2.39295 18.41.345.7245.34 35.641










19.22.113141.5415.47 23.21 11. 441
1.22 19.73241.0915.47 23.21 22.881
20.10.693241 15 .47 23.21 34.32
B-C(H20) and E3_C(DMSO) denote the chemical shift of the bulk and
complex solvent signals at the temperature specified in Tables 1
and 2 at which intecTrations were carried out.
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Table 5
The mole ratio of water to DMS0 in the coordination sites of
Ga(III) and in the bulk solvent phase as a function of
solvent composition (in the array of comparing different
amount of DMSO).
Composition (in mole ratio) Mole ratio Mole ratio
Ga H2O DMSO acetone (H20/D SO )Total (H20/D1AsO )Coord.
1 45m34 5094 5.72 7.63 489
1 45.34 11.88 5.72 3.82 2.16
1 45.34 23.76 5.72 1.91, 1.27
1 45.34 35.64 5.72 1.27 0.56
1 45034 5.94 11Q44 7'63 4.03
1 45.34 11.88 11044 3.82 1.53
l 45.34 23.76 11.44 1.91 1.15
1 45.34 35.64 11.44 1.27 0.62
l 45.34 5.94 22.88 763 3.78
l 45 34 11.88 220 83 3.82 1.25
1 45.24 23.76 22.88 1:91 0.87
1 45.34 35064 22.88 1.27 0.47
1 45.34 5.94 45._76 7.63 9:19
1 45.34 11.88 45.76 3.82 1.88
1 45.34 23.76 45.76 1.91 0.64
1 45.34 35.64 46.76 1 .27 0.42
15.47 15471 5t72 1.00 100
15.47 23.21 5.72l 0.67 0.69
15.47 15.47 11.44I 1:00 0.80
1 15.47 23.21 11.44 0.67 0.73
15.471 3.87 22.88 4.UU 4.45
1 15.47 16.47 22.88 1.00 1.26
15.4? 23.21 22.881 0.67 0.80
1 3.87 34.3215.47 4.00 4.10
15.47 15.47 34.321 1.00 1.47
15.47 23.21 34.321 0.67 1.09
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Table 6 The mole ratio of water to DMSO in the coordination sittes
of Ga(III) and in the bulk solvent phase as a function of
solvent compositon (in the array of comparing different
amount of acetone).
Composition (in mole ratio) Mole ratid Mole ratid
Ga H2O DMSD acetone
(H2O/DMSO)coord.(H2O/DMSD)total
45.34 5.94 2.72 2.63 4.89
45.34 5.94 11.44 2.63 4.03
45.34 5.94 22.88 1.63 3.78
45.34 5.94 45.76 2.63 9.19
45.34 11.88 5.72 3.82 2.466
45.34 11.88 11.44
3.82 1.53
45.34 11.88 22.88 3.82 1.25
45.34 11.88 45.78 3.82 1.88
45.34 23.76 5.72 1.91 1.02
45.34 2.76 11.44 1.91 1.15
45.34 23.76 22.88 1.91 1.87
45.34 23.76 45.78 1.97 1.65
45.34 35.64 5.72 1.27 0.56
45.3435.6411.441.27 0.62
45.34 35.64 22.88 1.270.47
45.34 35.64 45.76 1.27 0.47
15.47 3.87 22.88 4.00 4.45
15.473.8734.324.00 4.11
15.47 15.47 5.72 1.00 1.00
15.4715.4711.441.00 0.80
15.47 15.47 22.88 1.00 1.26
15.47 15.47 34.32 1.00 1.47
15.4723.215.72 0.670.69
15.4723.2111.44 0.670.73
15.47 23.21 22.88 0.67 0.89
15.4723.2134.320.67
1.09
Table 7 Separation between the bulk solvent and theoacetone signals
in the OaCl3-H2O-DMSO-acetone systems at 25 C (in the array
of comparing different amount of acetoe)
Composition (in mole ratio)
8. DMS -acetonED. H2O-ZcetoneGa H0 DMSO acetone
l 4.5.34 5.94 5.72 178 34
1 45.34 5.94 11.44 167 35
l 45.34 5.94 22.88 149 34
1 45.34 5.94 .45.76 131 32
1. 45,34 11.88 5.72 164 33
l 45.34 11.88 11.44 150 33
l 45.34 11._88 22,88 139 33
l 45.34 11.88 45..76 123 33
1 45.34 23:.76 5.72 140 31
1 45.34 23.76 11.44 133 32
1 45,34 23:76 22.88 126 31
1 45.34 23.76 45.76 116 32
1 45.34 35.64 5.72 12.7 30
1 45.34 3564 11.44 122 30
1 45.34 35a64 22.88 116 31
1 45.34 35.64 45.76 115 31
Table 8 Separation between the bulk solvent and the0acetone signals
intheGaCl3-H0-DMSO-acetonesystemsat25C(inthearray2ofcomparingdifferentamountofDMZS0).
6Bm- H20-acetone 6B. OMSO-acetonEQomposition
Ga H2O DM00 acetone Hz Hz
178 341 45 6.34 5.94 5 %72
1 45.34 11.88 5.72 164 33
1401. 45.34 23.76 5.72 31
1 45.34 35.64 5.72 127 30
1 45.34 5.94 11.44 167 35
331 45.34 11.88 11..44 150
321 45.34 23.76 11.44 133
301221 45.34 35.64 11.44
1 45,34 5.94 2288 34149
1 45.34 11.88 22.88 33139
1 45.34 23.76 22.88 126 31
1 45.34 35.64 22.88 116 31
1 45.34 5.94 45.76 32131
331 45.34 11.88 45.76 123
1 45.34 23.76 45.76 32116
31115
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T able 9 V ariationof T s and G at 2 5 ° C with solution
compositionin the G a C 1 3 - H 2 O - DMSO- acetonesystems.
C omposition( in mole ratio )
G a H 2 O DMSOacetone KJmo1 - 1 KJ mol- l KJ mol- 1
- 4 0 . 0l 1 5 . 4 7 1 5 . 4 7 5 . 7 2 1 5 . 9 5 5 . 9
- 3 8 . 81 1 5 . 4 7 2 3 . 2 1 5 . 7 2 1 8 . 4 5 ? . 2
- 4 1 . 21 1 5 . 4 7 1 5 . 4 7 1 1 . 4 4 1 5 . 5 5 6 . 7
- 2 5 . 01 1 5 . 4 7 2 3 . 2 1 1 1 . 4 4 3 1 . 0 5 6 . 0
- 2 9 . 81 5 . 4 7 3 . 8 7 2 2 . 8 8 2 2 . 2 5 2 . 0
- 2 7 . 41 1 5 . 4 7 1 5 . 4 7 2 2 . 8 8 2 8 . 0 5 5 . 4
- 2 0 . 0I 1 5 . 4 7 2 3 . 2 1 2 2 . 8 8 3 4 . 7 5 4 . 7
- 2 1 . 21 1 5 . 4 7 3 . 8 7 3 4 . 3 2 2 9 . 7 5 0 . 9
- 1 8 . 8l 1 5 . 4 7 1 5 . 4 7 3 4 . 3 2 3 4 . 7 5 3 . 5
- 1 3 . 73 9 . 31 1 5 . 4 7 2 3 . 2 1 3 4 . 3 2 5 3 . 0
,
- 2 9 . 81 1 5 . 4 7 3 . 8 7 2 2 . 8 8 2 2 . 2 5 2 . 0
- 2 1 . 21 1 5 . 4 7 3 . 8 7 3 4 . 3 2 5 0 . 92 9 , 7
- 4 0 . 01 1 5 , 4 7 1 5 . 4 7 5 . 7 2 1 5 . 9 5 5 . 9
- 4 1 . 2 5 6 . 7l 1 5 . 4 7 1 5 . 4 7 1 1 . 4 4 1 5 . 5
- 2 7 . 42 8 . 01 1 5 . 4 7 1 5 . 4 7 2 2 . 8 8 5 5 . 4
- 1 8 . 83 4 . 71 1 5 . 4 7 1 5 . 4 7 3 4 . 3 2 5 3 . 5
57.2- 3 8 . 81 1 5 . 4 7 2 3 . 2 1 5 . 7 2 1 8 . 4
- 2 5 . 03 1 . 0 5 6 . 0l 1 5 . 4 7 2 3 . 2 1 1 1 . 4 4
- 2 0 . 01 1 5 . 4 7 2 3 . 2 1 2 2 . 8 8 3 4 . 7 5 4 . 7
- 1 3 . 71 1 5 . 4 7 2 3 . 2 1 3 4 . 3 2 3 9 . 3 5 3 . 0
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Table 10 Rate constants and activation parameters for water proton
exchange at 25 C in the GaCl3-H,20-G MSO-acetone systems
(in the array of comparing different amount of O MSO).
Composition (in mole ratio) S deg-1 mol-1LAW-IT -1k -3 (KJ mol-1)Ga H0 DMSO acetone J! dog mol(x 10 sec j
-109±45 09 18.8 . 0.81 45.34 50':94 5.72
l 45.34 11.88 5972 22.2± 0.4 -100± 85.89
-159± 467± 0.8l 45.34 23.76 5.72 1..71
10.7 -0.82.041 45.34 35e64 5972 -146 j 4
-113+ 418.0± 1.31 45934 5.94 11.44 5.27
-130 1 413.8 0.45.41`1 45.34 11.88 11.44
1 45.34 23:76 .11.44 -105± 820.5+1.74.98
13.4 t 0.4 -138± 42.011 45.34 35.64 11.44
-117± 417.6± 0.81 45.34 5.94 22.88 4,01
-130-813.0 .f 1.71 '45.34 11, 88 22.88 5.13
-105± 820.1± 1.3l 45.34 23976 22.88 5.31
-142±411.7± 0.81 45.34 35.64 22.88 1.77
-117± 418.4± 0.82591 45.34 5.94 15.76
-126± 414.2± 0.44.101 45.34 11.88 45.76
-105± 420.5± 0.46.991 45.34 23.76 45.76
-126± 417.2± 0.41 45.34 35,64 45.76 1.90
-134±21I. UD1 15.47 15.47 5.72
-130 +418.4± 1,40.681 15.47 23.21 5.72
-138± 41.17 15 D'S± 1.41 15.47 15.47 11.44
-84±170.97 31.0± 4.21 15.47 23.21 11.44
-100± 822.2± 2.15.461 15.47 3.87 22.88
-92±82B'0±1.71.571 15.47 15.47 2288
-67±1334.7-+-3.31.681 15.47 23.21 22.88
- 71± 1329.7± 3.36.481 15.47 3.87 34.32
-63+1334.7± 2.92.991 15.47 15.47 34.32
-46±1339.3± 2.93.371 15.47 23.21 34.32
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Table 11 Rate constants and activation parameters for water protor
exchange at 25 C in the GaCl -H O-OMSO-acetone systems
(in the array of comparing different amount of acetone),
Composition (in mole ratio) S*H* -1
Ga HO DMSO acetone k3Cx10-sec J deg-1 mol-l(KJ mol J
1 45.34 5,94 5.72 5.09 18.8-± 0.8 -109 4
1 45.34 5.94 11.44 5.27 18:0 1.3 -113 f 4
1 45.34 5.94 22.88 4.01 17.6+ 0.8 -117± 4
1 45.34 5.94 45.76 2.59 18.4± 0.8 -117 4
1 45.34 11.88 5.72 5.89 22.2± 0 4 -100± 8
-130±45.41,1 45.34 11.88 11.44 13.8± 0.4
1 45.34 11.88 22.88 5.13 13.0+ 1.7 -130± 8
1 45.34 11.88 45.76 4.10 14.2± 0.4 -126± 4
l 45.34 23.76 5.72 6.7± 0..81.71 -159- 4
4.981 45.34 23.76 11.44 20.5+ 1.7 -105+ 8
l 45:34 23.76 22.88 5.31 20± 1.3 -106± 8
1 45.34 23.76 45.76 6.99 20.5+ 0.4 -105 8
2,04 1 0.0+ 0.8 -146+ 4l 45.34 35.64 5.72
2.01 13.4+ 0 41 45.34 35.64 11.44 -138+ 4
11.7+ .0.81 45.34 35864 22.88 -142+ 41.77
l 45.34 35.64 45.76 17.2± 0.4 -126± 41.90
22.2± 2.1 -100± 81 15.47 3.87 22,88 5.46
-71+136.48 29.7+ 3.31 15.47 3.87 34.32
-134+ 2115.9+ 5.9l 15.47 15:47 5,72 1.06
1.17 -138± 415.5± 1.41 15.47 15.47 11.44
-92+828.0+ 1.71 15.47 15.47 22.88 1.57
-63±1334.7± 2.92.991 15.47 15.47 34.32
-130+ 418.4± 1.40.681 15.47 23.21 5.72
-0.97 31.0_+ 4.2 - 84± 171 15.47 23.21 11.44
34.7+ 3.3 - 67+ 131.681 15.47 23.21 22.88
-46+1339.3± 3.33.371 15.47 23.21 34.32
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Te 1e 12 Temperature profiles of free water signals linewidtN
broadening in GaCl3,,-H2.0-DMSO-acetone systems.
Composition (in mole ratio) H2O CN Temp.
Ga H2O DMS0 acetone n C
1 45.34 5.94 5.72 4.99 2.0 13.2 119.9
-13.0 44.9 408.2























































































































































































1 15.47 3.87 34.32 1.56 8.5 14.5 143.8

























Ga : H2O : DMSO : acetong
I : 45.34 : 5.94 : 11.88
- 46.6°C
- 13°C
Fig. 3.1 Proton magnetic resonance spectra of gallium cholride
in water-DMSO-acetone mixture with mole ratio of
1:45.34:5.94:11.88 of Ga:H2O:DMSO:acetone at different
temperatures.
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Ga : H2O : DMSO: acetone







Fig. 3.2 PMR spectra of gallium chloride in water-DMSO-acetone
mixture with mole ratio of 1:45.34 :5.94 :5.72 of






Fig.3.3 Temperature effect on the PMR signal of the bulk water
proton in the Gacl3-H-2O-DMSO-aceto system: mole




-30 Ga : H20: DM SO : acetona
1 45.34 5.94 5.72
1 45.34 5.94 11.44




(1/T) (x10) (3) K-1)
Fig. 3.4 Linewidths of bulk water line as a function of
temperature.
104
/PM Ga : H2O : DMS0 : acetone








4.0 4.1 4.2 4.3 4.4 4.5
l/m (x 103) k-1
Fig. 3.5 Temperature dependence of the linewidth broadening











Ga : H2O : DMSO acetone
1 45.34 5.94 5.72
1 45.34 5.94 11.44
1 45.34 5.94 22.88
1 45.34 11.88 5.72
1 45.34 11.88 11.44
1 45.34 11.88 22.88
4.0 4.1 4.2 4.3 4.4 4.5 4.6
l/T (x103) K-1
Fig. 3.6 Log k vs l/T plots for the exchange between bound














with2Ga:OMS0 varying. from 1:3.87,
to 1:23.21.














Fic. 3.8 Plots of TS vs H.
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Solvation and kinetics studies of beryllium nitrate in
aqueous acetone mixtures
4.1 Introduction
Beryllium, with an atomic number of 4 and an atomic weight
of 9.013 (chemical scale), lies in the first period of the Per-
iodic Table. Be+2 has an electronic structure 1s22s2, The
ionic radius of the Be+2 ion is only 0.31 R1 that it possesses
the very high charge to radius ratio of 6.5, which is greater
than for any other cation except H+2 This valus is to be
compared with the charge to radius ratio of 6.00 for the Al +3
ion and reflects the chemical similarity of beryllium and
aluminium.
Aqueous solutions of beryllium salts are acidic owing to
the hydrolysis of Be ,+2 and the deprotonation of Be(H2 O)4 +2 req-
P 2 4-
uires only 100 msec3. The aqueous chemistry of beryllium is
dominated by the tendency for the Be +2 ion to undergo hydrolysis
and form polynuclear spocies. This tendency is a direct result
of the strong interaction of the Be+2 ion with its neighbouring
water molecules, the high charge density on this ion both polar-
izing the water molecules and causing them to orientate with the
negative end of their dipoles directed towards the beryllium ion.
In effect, the protons of the water molecules are strongly re-
pelled that, sooner or later, thermal agitation will be suffic-
ient to transfer a proton to a more distant water molecule, thus
leaving an 0H- ion in contact with the Be+2 ion. The whole pro-
cess, which obviously increases in extent as the pH of the
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solution is increased, can be represented:
nBe+2 + nH20
Be(OH)n+n+nH+
Proton NMR coordination number studies of Be+2 in water
and aqueous solvent mixtures were performed by different wkrorkers4-5.
An average coordination number of the Be+2, 4, was confirmed
by this method. But no satisfactory explanation was given for
the unsymmetrical complex patterns of the proton signals for the
water in the solvation shell of Be+2. Fratiello and coworkers4
postulated that this might arise from the different hydrated
forms of Be+2 ion, The three lines pattern was attributed to
the near cis- or trans- configurations of the two chloride atoms
in the secondary sphere of the solvation shell. The temperature
effects on the water proton linewidths and separations for Be(NO3)2
in H20 and D20 solutions were discussed by Farkes and coworkers5.
At temperatures below -20°C, complexed water signals appears,
and at -60°C, two signals due to these complexes were observed.
In the present study, we hope to examine the effect of introducing
acetone to the mixed solvent on the coordination mode of +2
ion and to investigate the proton exchange between the coordinated




The beryllium nitrate solution was prepared from extra
pure (Merck) hydrated beryllium nitrate. The concentration of
the solution was measured by treatment with a cation exchange
resin and titration of the resultant acidic solution with
standard sodium hydroxide solution according to the procedure
outlined in section 3.2.2 in chapter three. These concentration
values were checked by comparing with the result obtained for
nitrate concentration which in turn was determined by treatment
with anion exchange resin (BDH Amberlite ion exchange resin,
analytical grade, IRA-400 (Cl)) and the resultant chloride
solution was titrated by standard silver nitrate following the
procedure of Volhard method. Deviation of the results from the
two methods of determination should be within 0.5%. Density
measurement and more concentrated solutions were prepared by the
procedure mentioned in Chapter 3..
Spectral measurement and the procedure of curve fitting to




The coordination number data for Be(NO 3)2 in aqueous acetone
mixtures are listed in Table 13. The acetone contents in these
systems varied from a mole ratio of water to acetone of 4:1 to
a large excess of acetone. The coordination numbers were
obtained at low temperature when there is no significant change
in line-shape of the resonance signals was observed. The areas
of the unsymmetrical complexed signals gave a total coordination
number of four or less for Be+2. Fig. 4.1 shows the water proton
NMR spectrum for a set of representative compositions and the
variation of the line-shape of the complexed signals with the
acetone content is shown in Fig. 4.2. The chemical shift data
for the free and the'complexed water signals and the separations
of the free water signal downfield from the acetone signal are
listed in Table 14. The major complexed signal at lower field
and the minor complexed signal at higher field were about 40 Hz
apart. The data listed in Table 13 demonstrates the inner shell
cation-anion complex formation, i.e., contact ion pairing, was
occurring at high acetone content. The temperature effect on
the PMR signals of the system with composition Be:H20:acetone
¢
= 1:26.11:6.50 is shown in Fig 4.3. The variation of 4 Ham, T S
and G* with solution composition-is shown in Table 16 and the
complete compensation between 4H4 and T. 5* is shown in the plot
of T S* vs H* in Fig. 4.4 with unit slope. The variations
of the bulk water linewidth for systems with different solution
compositions as a function of temperature are shown in Fig. 4.5
and 4.6. The temperature profile of these systems is shown in
Table 17.
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During the whole research,no frozen problem of the sol-
ution and no complexed acetone signal was found.
4.4 Discussion
4.4.1 Hydration of Be+2 ion and formation of contact ion pair
As in so much of its chemistry, the behaviour of the Be+2
ion is governed by its very high charge to radius ratio. One
consequence of this is that the Be +2 ion is a strong order
producing ion in aqueous solution, i.e.it strongly orientates
the water molecules in its immediate vicinity,thus bringing
the latter to a greater degree of order than they possessed in
unpertubed liquid water. This fact is shown by the low partial
molar entropy S-o (-55 e.u. for Be+2 compared with -28.2, 13.2,
-9.4 and 3 e.u. for Mg +2 Ca +2 Sr +2 and Ba+2 respectively6)
and the high positive viscosity B-coefficient of the Jones and
Dole equation7 which is possessed by the Be+2 ion. That the
ion strongly interacts with neighbouring water molecules, i.e.
is heavily hydrated is shown also by the viscosities, conduct-
ivities and freezing point of beryllium salt solutions, All
these measurements indicate that the Be+2 ion is more strongly
hydrated than. any other bivalent ion.
The coordination number of 4 as shown in Table 13 when
Be:H20:acetone= 1:19.50 confirmes that Be+2 is hydrated by 4
water molecules and the hydrated complex is tetrahedral in str-
ucture. Since Be+2 ion has little effect on-the Raman spectrum
in aqueous nitrate solution8 indicates that little cation-anion
interaction occurs in beryllium nitrate solutions, therefore
the coordination number of 4 when Be:H20:acetone = 1:19.50 is
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attibuted solely from the hydration of water and no participation
of NO 3 anion in the first coordination sphere of Be+2. The3
Be +2 ion is tetrahydrgted instead of hexahydrated owing to the-following
causes:
(1) the small size of the beryllium ion,
(2) the inacessibility of the 3d orbitals which are required
for sp3d2 hvbridzation.
The decrease in coordination number of Be 4 from as shown
in Table 13 when the dielectric constant of the solution medium
is further decreased by the addition of more acetone indicates
the formation of contact ion pair. This contact ion pair forma-
tion arises solely from the low dielectric constant of the
solution medium, thus increases the cation-anion interaction in-
these systems. Also, the appearance of multi-pattern in the
complexed water signal region in the PMR spectra as shown in
Fig. 4.2 also strongly supports the contact ion pair postulation.
Unlike the case of GaC13-H2 O-DMSO-acetone systems in which ext-
ensive contact ion pair formation causes a large decrease in-
coordination number of Ga+3 ion from 6 as the dielectric const-
ant of the solution medium.is decreased, there is only a little
sign of contact ion pair formation as indicated by the small
deviation of coordination number from 4. This is due to the
fact that the Be+2 is heavily solvated by water and the relative
low basicity of NO3 cannot lead to the replacement of the
coordinated water.
The formation of these contact ion-pairs at low acetone
is unfavorable because of the fact that Be +2 is strongly
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solvated by water and the nucleophilic substitution of this
hydrated cation proceeds. slowly through a.rate determining step
involving breaking of a strong cation-coordinated water bond.
4.4.2 Species in the Be(N03)2-H2O-acetone systems
Due to the inability of NO3- anion to compete for the first
coordination sphere of Be+2 ion with water at high dielectric
constant of the solution medium (i.e. mole ratio of Be::H20
1:19.50) the main species in these high dielectric constant
systems may be the tetrahydrated Be+2 species, i.e. Be(H 2 O)4 +2
without the participation of NO3- anion in the first coordination
shell and probably NO3- anion does not exist in the second sphere
too.. Therefore the PMR signal 4B0 Hz downfield from the acetone
signal may be attributed to these Be(H 20)4 +2 species.
The appearance of a small peak N40 Hz high field from the
complexed signal of Be(H 2 0)4+2 at a mole ratio of Be acetone=
1:32.00 and the slight deviation of coordination number of 3.97
in-this system from.-4 indicates the formation of contact ion
pair. This upfield small signal may be attributed to the cont-
act ion pair, Be(H 2 0) 3 (NO 3)+1 in which NO 3 anion acts a mono-
dentate ligand. Since the reduction of the metallic charge
of Be +2 by NO3- anion results in the reduction of the interact-
ion between the Be +2 ion and the water ligands, thus the complexed
water protons are more shielded so that the PMR signal of these
complexed water protons appears at higher field. In this case,
it is resonable to assume that this ion pair formation includes
the formation of solvent separated ion pairs and contact ion
pairs. The former ion pair may exist in larger amount than
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the latter because the PAR signal due to this Be(H20)3 (NO3)+1
appears. to be a small shoulder of the signal of Be(H20)4 +2
As the acetone amount increases, the intensity of this small
Signal is increased as shown's in Fig 4.1 and the further decrease
of coordination number as shown in Table 13 indicates formation
of these Be(H2O)3 (NO3)+1 species is increased.
When the dielectric constant is further decreased (i.ed mole
ratio of Be:acetone 1:97.50, appearance of a second small
peak 8O Hz upfield from the Be(H20)4+2 signal was founded as
shown in Fig.4.2. This implies that in addition to the existence
of the fie(H20)4+2 and Be (H20)3 (NO3)+1 speciess, a third. species
is induced in these systems. This third species may be the
Be(H20)(NO3)+2 contact ion pair in which NO3 anion acts as a
bidentate ligand. The additional PMR signal may be attributed
to the existence of Be(H2O)2 (NO3)+1 because the cation-water
interaction is further decreased by the formation of another
Be-O linkage that the complexed water protons become more
shielded than the water protons of Be(H2O) (NO3)+1. The forma-
tiorr. of this bidentate contact ion pair may be expected to arise
from the replacement of a complexed molecule of the Be.(H2O)3(NO)3+1
ion pairs by the attacking. of the oxygen atom of the coordinated
NO3. Because the oxygen atom of the NO3 in the first coordination
sphere of Be+2 is very much closer than the NO3 - anion in the second
sphere, as there is a further decrease in dielectric
constant, the interaction between the oxygen atom of the complexed
NO3 and the Be+2 ion is increased and it is resonable to expect that
the interaction is greater than that between the Be+2 ion and the
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NO 3 anion in - the secondsphere.
In accordancewith the above discussion , the following scheme
may be drawn:
solvent separated contact ion pair
ion pair
contact ion pair
decrease in dielectric constant
4 . 4 . 3 Kineticsstudies : proton transferstudies
As confirmedby oxygen - 17 NMR 9 and proton magneticresonance,
Be + 2 is tetrahydratedin water and aqueous solvent mixtures .
As discussedin section4 . 4 . 29 the tetrahydratedBe + 2 aquo comp -
lex is the major species in aqueous acetone mixtures when the
dielectricconstantof the solutionmediumis high ( i . e . . with
small amount of acetone ) . When larger amount of acetone is present ,
contact ion pairing is induced in these solutions since the low
dielectric constant of the solution medium increases the - intera -
ction betweenBe + ion and NO 3 anion . The speciesin these low
dielectricconstantsolutionisw in additionto the Be ( H 20 ) 4 + 2
4
the Be ( H 20 ) 3 ( NO 3 ) + 1 . With furtherdecreaEe of the dielectric
2 3 3
constant of the solution medium , another kind of contact ion
'.
pair, Be ( H 20 ) 2 ( N 03 ) + l , appears.
Althoughacetone is an inert diluent and does not partic -
ipate in the solvationf the Be + 2 ion , it exerts a marked
effect on the solution structure and physical properties of the
aqueous acetone mixtures and thus has its effect on the proton
transfer processes between the ' coordinatedwater sites and
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the bulk water sites.
Table 15 shows the rate constants and activation parameters
for the proton exchange processes as a function of solution com-
position. The lifetime of the coordinated water in-the first
sphere of Be +2 as found by oxygen-17 NMR9 at 25°C was 3 x 10-4
sec, i.e. with a.rate constant for exchange at 25°C- 3.33 x 1D3
sec 1. Sound absorption experiment10 has been used to investigate
the exchange of water in aqueous Be+2 solution and a value of
logk= 3.5 at 25°C, i.e. k= 3 x 10 sec, was found and the
activation enthalpy of water exchange was B Kcal mol (i.e.
33.6 KJ mol-1 J. Comparism of these results with the results in
Table 15 reveals that the proton exchange processes between
the coordinated and bulk sites, similar to the GaCl3-H2O-DMSO-
acetone systems, may result largely from the exchange of the
whole water molecules. Due to the large negative activation
entropies as shown in Table 15, the exchange mechanism may be
an associative mechanism, i.e. SN2 type.
The kinetics results in Table 15 show trends that. can be
explained in terms of solution structure and physical properties
of the solution medium. The addition-,of acetone has two effects:
(1) decreases the viscosity or the solution medium,
(2) decreases the dielectric constant of the solution medium.
When there is no formation of ion pair, i.e. when Be:acetone=
1:19.50, there is an increase in rate constant, H and S .
The change of H+ and T S as shown in Table 16 has the com-
pensation effect11 (which has been discussed in chapter 3) to
compensate each other. The G values in Table 16 reveals
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that this effect is a complete compensation effect because of
the unit slope of the Fig. 4.4 and the constancy of The
complete compensation effect may be due to the addition of acetone.
Because acetone can decrease the dielectric constant of the
solution medium, so the electrostatic interaction between the
coordinated water molecules and the Be+2 ion is strengthened and
H increases, as shown in' Table 15. Owing to the increase in,,
binding between water molecules and the Be+2 ion, there is a
loss in freedom of the coordinated water molecules-so that
the entropy of Be(H20)4+2 may decrease. Since
entropy of the activated complex
entropy of the reactant
therefore the decrease in entropy of Be(H2O)4+2 caused by the
increase in binding between coordinated wter and Be+2 ion
according to the above equation, may result in an increase in
The increase in rate constant as shown in Table 15 arises
from the fact that the water hydrogen network is broken by the
addition of acetone. The water activity is increased and the
viscosity of the solution medium is decreased, so that more
water molecules can diffuse into the second sphere of the Be+2
iorr easily and thus causes an increase in rate constant.
When the acetone amount is increased from Be:acetone
1:19.50 to 1:32.00, there is a sudden change in rate constant
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and activation parameters as shown in Table 15. this sudden
change may due to the ion pair formation, probably the formation
of solvent separated ion pair i.e. NO3 anion takes place in the
second sphere of Be+2 ion, since a decrease of dielectric
constant of the solution medium can increase the cation-anion
interaction. In this case, the dielectric constant is not low
enough for the f ormatiorrof contact ion pair as revealed from
Table 13 that the coordination number of 3.97 is very much near
4 therefore solvent separated ion pair is enhanced. NO3 anion
may be expected to exist in small amount in the second sphere of
Be +2 ion, so that there is a charge polarization of the Be+2 ion
caused by the NO3 anion in the second sphere. As a result,
there is an increase in negative charge density on the surface
of Be 2 ion opposite to the.NO 3 anion in the second sphere.
Therefore, the interaction between the coordinated water and
Be+2 ion is. weakened and consequently there is a decrease in
H Due to the weakening of the binding between coordinated
water and Be+2 ion, the entropy of Be(H20)4 +2 is increased so
that there is a decrease in S .
Further decreasing the dielectric constant of, the solution
medium .from Be :acetone= 1:32.00, the activation parameters
increases as shown in Table 15. Although N03 anion in the
second sphere can reduce the coordinated water-Be+2 ion
interaction, the increase in-NO3 amount in the second sphere
caused by the further decrease of dielectric constant leads to
the result that NO3 anion- may distribute evenly in the second
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sphere of Be+2 ion.. Consequently, the reduction in binding.
between the coordinated water and Be+2 ion caused by NO3- anion
irrithe second sphere is averaged to minimum. Therefore, the
increase in coordinated water-Be+2 interaction caused by the
decreasing dielectric constant may predominate again so that
H and S increases as explained previously. Another
factor that causes the increase in H is the retardation of
water molecules to diffuse into the proximity of Be+2 ion by
NO3- in the second sphere. The H and T S values also
exhibit the effect of compensating each other and from Table
16 and Fig. 4.5, this effect is a complete compensation effect.
The decrease in rate constant in the region Ee:acetone l:32.00
is due to the fact that although the water activity can be
increased by the structure breaking of water and the decreasing
viscosity of the solution medium caused by the addition of
acetone, the diffusion of water molecules into the second sphere
of Be +2 is retarded by the presence of more NO 3- anion in the
second sphere and by the formation of more solvent separated
ion pairs. This retardation effect is shown by the increase
in H in Table 15. The decrease in-. rate constart reveals
that this diffusion process is the rate determining process for
water proton transfer between the coordinated and bulk water
sites.
Table 13 Hydration number for Be(NO,)2 in water-acetone systems
Composition (in mole ratio) Temperature Hydration number
OC.nc-o4-nnoBe H0 (H2o)
1 -6226.11 6.50 3.99
-62I 26.13 13.00. 4.00
-6526.111 19.50 4.02
-651 26.11 32.00 3.97
-6526.111 52.00 3.82
-6526.111. 97 so 3.77
-6526.111 104.00 3.49
Table 14 Chemical shifts of the free and complexed signals of
water and the separatibn between the bulk water signal
down field from the acetone signal.
Composition (in mole ratio)l Temp
B-C2
acetoneBe H2O Hz Hz Hz
-62 26326.11 2066.501 469
-6226.11 2781 13.00 476198
-65 28226.111 19.50 478196
-65 28826.11 24832.00 478190I
-65 296 25426.11 52.00 182 4781
-65 26626.11 30497.50 4801 176
-6526.11 1.04.00 264304 4761 172
denotes the separation of the free and complexed waterB-Cl
protons at the lowest field strength at the specified temp..
denotes the separation of the other complexed signal8-C2
appearing at higher field- strength from the free water signal
at the specified temp..
Vdenotes the separation between the free water signal and
the acetone signal at the specified temp..
denotes the separation between the lowest complexed water
signal and the acetone signal and is the sum of and
B-C
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Table 15 Rate constant and activation parameters for the proton
exchange between the coordinated and free water sites
at 25°C in the Be(NO3)2 H20-acetone systems.
Composition (in mole ratio) k
BE acetone (x 10 J sec-1) KJ mo1-1 foul deg-1 mol2
26.11 6.50 3.481 23.0+ 1.6 -100+ 6.
26.11 61+ 534.5+ 1.41 3.6113.00




-67+534.5+ 3.626.11 97.50 1.91I
-52+333.7+ 2.126.11 1.97104.001
Table 16 Variation of H, T S and G at 25°C with solution
comoosition.
Composition (in mole ratio)











Be : H2O : acetone





Be H20 : acetone,
2
1: 26.11 : 13.00
62° c
Fig. 4.1 Varintion of PMR spectrum of Be(NO3)2 in aqueous-
acetone systems with different compositions.
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Be : H20 : acetone
1 : 26.11 : 19.50
62°C
Be : H2O : acetone
1 : 26.11 : 32.00
-65 C
Fig. 4.1 Variation of PMR spectrum of Be(N03)2 in aqueous-
acetone systems with different compositions.
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Be : H2O : acetone
1 : 26.11 : 52.00
- 65°C
Be : H2O : acetone
1 : 26.11 : 97.50
- 65°C
Fig. 4.1 Variation of PMR spectrum of Be (N03)2 in aqueous-





Fig. 4.1 Variation of PMR spectrum of Be(N03}2in aqueous-
acetone systems with different compositions.
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Be H2O:• acetone
1 : 26.ll: 13.00
-62°C
-62C l:26.11: l9.50
-65'JC 1.: 26.11 32.00O
--650 1: 26.11 52.00
-65°C 26.11 97.50
1.: 26.11: 104.06500
Fick. 4.e. Variation of proton magnetic signals of the compl-exed
.water protons of Be(NO )2 in aqueous-acetone systems
with. different compositions.
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Fig.4.3Temperature effect on the BMR spectrum of Be (NO3)2










Variation o Be:H20:acetone from 1:26.11:6.50
to 1:36.11:19.50.2
Variatoin of Be:H20:acetone from 1:26.11:32.00
to 1:26.11:104.00.2
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200 Be: H20: acetone
1 26.11 6.50
1 26 ,11 13,00
1 26.11 19.50
3.6 3.7 3.8 3.9 4.0 4.1 4.2
(1/T) (x10) (3) (K-1)
Fig. 4.:/A plot of log k vs l/T for proton exchange between








Be: H2 0: acetone
1 26.11 32.00
200 1 26.11 .52.00
1 26.11 97.50
l 26.11 104.00
3.5 3.6 3.7 3.8 3.9 4.0 4.1
(1/T) (x10) (3) (k-1)
Fig. 4.8 A plot of log k vs l/T for proton exchange between
bound and free water sites.
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